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In  the  catalysis  literature,  the  need  has  been  recognised  to 
study  adsorption  on  the  catalyst  surface  during  catalytic  reactions. 
The  primary  aim  of  this  iork  . was  a  determination  of  the  size  of  the 
active  pool  of  molecules  on  the  catalyst  surface,  i.  e.  those  adsorbed 
which  may  subsequently  ui:  derGo  reaction. 
Chlorobenzene  hydro,  enolycis  and  ethylene  hydroGenation  were 
studied  in  catalytic  fi_ou  systems  by  passing  carbon-14  labelled 
tracer  pulses  over  catalyst  samples  under  both  pulsed  floe:  and 
constant  reactant  flow  conditions.  Adsorbed  and  das  phase  radio- 
activity  were  n;  onitored  with  time  by  Geiger-;.:  aller  counters  viewing 
the  catalyst  sa:  a]ýle  and  -as  phase  either  directly  or  ti?  rou-h  thin 
plastic  or  mica  windows.  Catalyst  and  ras  count  rates  were  sepr.  rable 
follov:  in  experiraents  there  either  adsorption  or  ;;  as  phase  count 
rate  was  reduced  to  n  c.  li;  ible  proportions.  All  experiments  were 
conducted  at  ca.  atmospheric  _pressure, 
the  chlorobenzene  experiments 
using  irretularly  shaped  tracer  pulses  mid  those  with  ethylc":  ie, 
rectangular  -ulses.  Acisorption  of  chlorobenzene-Cl)  was  studied 
and  Pd  black  under  various  flow  on  1.08  and  4.  k75o  Pd/SiO2,  'c"'02 
conditions  of  hydroLon,  nitrogon  and  hydroLen-chlorobenze  ne,  mainly 
at  room  temperature  but  also  up  to  4,:  8  K.  Ethylene-C14  ruls  s 
(  t;  r  *ýically  with  7',  torr  partial  pressure)  wore  ass:  d  over  Ir/:  ýiO2, 
Pt/.,;  iC2 
,  and  SiO2  under  various  flow  conditions  of  hydrogen,  helium 
?  Tleý  hydre;,  on-ethylene  at  temperatures  between  ýjj  e;  u'd  321  K.  In 
the  Iresence  of  hydrogen  over  metal  bearing  catalysts,  conversions 
were  typically  4C;  l  fur  ciii  crcbenz.  ene  to  ben  zone  Cr,  '  1C  L;  for  ethylene 
to  ethane.  The  adsorption  of  bet.  zone-Ci4  and  ethare-City  :  pulses  was 
also  studied. 
CAL'  1tti  eiere  analycod  in 
tcr..  is  of  tic  theory  of  tracer  cL  Ila,  ic.. 
ý.  ýcce1.  ..  _ýc  choccn  fcr  t:,  oory,  ii:  itiai1y  r;  ith  a  c.. 
--W 
of  reactant  r.  inlecul  ,,  i.  rt  o, 
;  u1co,  ever  a  c^.  tc1;,,  ct  bed.  AdLcrrtio:  i  to  be 
;:.  orccuirito  for  reaction.  Equations  ;  rere  c?  erivcýd  'acr,  e;  i  on  4.1w 
mcan  or  occurancy  of  a  i:  iotec:  lle  in  the  -ystem,  by  ;;.,  ich  " he 
ca'acitJs  or  ru:  ibcr  of  bä  :  ao_i  .  ecu.  l  e:  "  ýe  b1e  ;n  cý  c  ct  l, 
.,, 
ýýý. c 
calculated  from  the  total  adsorbed  counts  or  from  adsorption  and 
de:.  or-ption  curve:;  if  tic  tracer  pulse  was  of  recta.  l;  ular  share. 
These  analyses  were  later  modified  for  experiments  conducted  under 
pulsed  flow  conditions. 
!  ';  ith  conntnnt  chlorobenzene-hydroCen  flow  conditions,  chloro- 
benisene-Cl1c  cave  an  adsorot  on  of  up  to  4.6  x  1017  molecule 
(::  i;;  catalyst)  -1  on  1.07;  '5  pd/SiO2  and  5.8  x  1017  molecule  mg-1 
on  ;  i02  under  similar  conditions,  com,  ared  with  ca.  4:  1016 
surface  metal  atoms  per  m-  catalyst  from  CO  che.  u:  isorption.  Under 
ulsod  flow  conditions  in  H2  carrier,  the  semi-loh  count  rate  versus 
time  plots  for  cillorobenzcne  and  benzene  from  Pd/SiO2  showed  fast 
and  slow  linear  regions  with  an  intersection  at  ca.  4x  1015  and 
1x  1015  molecule  mg  -1  on  4.47  and  1.0°3  Pd/  i02  respectively, 
these  fi,  ures  beint;  larýcly  independent  of  the  size  of  tracer  pulse 
used.  Under  N2  flow,  similar  but  slower  two-fold  desorptions  were 
observed  with  an  intersection  between  1.71  x  1016  and  4.1  x  1015 
molecule  rs-1  on  4.474;  pd/Si02.  Less  uroll  defined  curves  were 
obtained.  with  Pd  black.  In  all  experiments  the  fraction  of  tracer 
irreversibly  adsorbed  on  the  catalyst  was  nedlißible. 
Ethylene-Cllr  pulses  in  hydroZen  and  hydro&en-ethylene  flows 
resulted  in  a  traaoieut  adsorption  of  ca.  1x  1016  molecule  mg-1 
from  270  16 
-  317  K  on  the  4.77;.  ý  Ir/5102  catalyst  with  ca.  4x  10 
surface  metal  atoms  per  mg  determined  by  CO  cher.  2isorption.  This 
adsor;  et_on  showed  little  variation  with  et_iylene-Clt}  partial  j.  ressui  e 
but  rose  to  5.3  x  10  'molecule  y  at  239  K.  :,  t!  ane-Clt;  gave 
an  acsorrttion  of  5x  1C15  molecule  raz-1  at  294  i:  on  the  same  catalyst. 
On  silica,  transient  ethylene-C14  adsorption  varied  throughout  the 
to:,  nrernture  rr:  iL;  e  of  251  to  ;  04  K  from  1.0  x  10i7  to  3.2  x  1016 
molecule  i.  IG-1  v:  it  75  torr  ct!:  ylene-C14  and  was  de  iemd  n.  t  or.  the 
p  r1  ýial  ;  roc  ýt.  re.  r.  n  :  lyric  of  the  ad;  orption  ai.  d  de3orution  curve; 
at  lo.  cr  te:.  u2oratures  save  values  of  ca.  _-acity  cin:  i.  lar  to  t.  le  observed 
tr  ".::.,  _ß_c7  ýt  nd  or  :t  on  ell  Ir/  ; c'iC 
2. 
Witet,.  e-C1?  +  i  lÜcs  al:  o  ro  t.  ltec: 
no..:  o  lo.  er  lived  :;  i,  ecics  on  silica,  I.  r/:  i02  and  Pt/üi0, 
and  0.25  -  0.53  Cf  the  tr  cor  ''ulse  recfcc  ivelyý,  1":  i11ch 
dc:  endcä  ca  the  . ruviouc  catalyst  tre;  tb,,  e;  nt. _Acý:  no  :  led  e:  _ents 
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. Sui  :  r1<<r" 
In  the  catalysis  literature,  the  need  has  been  recognised  to 
study  adsorption  on  the  catalyst  surface  during  catalytic  reactions. 
The  primary  aim  of  this  wore.  , -;  as  a  deternination  of  the  size  of  the 
active  pool  or  molecules  on  the  catalyst  surface,  i.  e.  there  adsorbed 
which  may  subsequently  u.  _dergo  reaction. 
Chlorobenzene  hydro,  ouolycis  and  ethylene  hydrogenation  were 
studied  in  catalytic  flow  systems  by  passing  carbon-14  labelled 
tracer  pulses  over  catalyst  samples  under  both  pulsed  flow  and 
constant  reactant  flow  conditions.  Adsorbed  and  g;  as  phase  radio- 
activity  were  monitored  with  tine  by  Geiger-::  uller  counters  viewing 
the  catalyst  sa:.  iple  and  Gas  phase  either  directly  or  through  thin 
plastic  or  mica  windo^w;.  Catalyst  and  das  count  ratet  were  sep,,  xable 
following  experiments  where  either  adsorption  or  gas  phase  count 
rate  was  reduced  to  nooligible  proportions.  All  experiments  were 
conducted  at  ca.  atmospheric  pressure,  the  chlorobenzene  experiments 
using  irre￿ularly  shaped  tracer  pulses  and  those  with  ethylene, 
rectangular  pulses.  Adsorption  of  chlorobenzene-C14  was  studied 
on  1.08  and  4.47,  o  Pd/SiO 
2, 
Sir)2  and  Pd  black  under  various  flow 
conditions  of  hydrogen,  nitrogen  and  hydrogen-chlorobenzene,  mainly 
a'  room  temperature  but  also  up  to  41;  $  I..  Ethylene-C14  pulses 
(typically  with  75  torr  partial  pressure)  were  passed  over  Ir/wi02, 
Pt/Zi02  and  SiO 
2  under  various  flow  conditions  of  hydrogen,  helium 
and  hydrogen-ethylene  at  temperatures  between  ?  39  aild  321  K.  In 
the  presence  of  hydrogen  over  metal  bearing  catalysts,  conversions 
were  ty_,  )ically  kC;  ö  for  chlorobenzene  to  be:  izer,  e  am  1CC;;,  for  ethylene 
to  ethane.  The  adsorption  of  benzene-Cl4  and  ethane  -Ci4  pulses  was 
also  studied. 
,  iesults  were  c^,  r:.  ^.  lysed  terms  of  the  theory  of  tracer  dyna:.:  ics. 
A  mcdc].  oho:  en  for  his  t::  eoz  ;  ritte  ,ya  cun,  tz:  t  l  flo,;  r 
of  reactai  r.  iolecul,  c,  part  of  yr  ich  --v,  ^  racLlo,,  cLivo1  la"Icllcd 
ulr>o,  ý.  o.,  nG  c  ti  er  a  ca  a1  rtit  bed.  AdWcr;  t].  cn  zw  ascu,::  od  to  be 
a  ?  prorequicite  for  reaction.  Equations  ":  rere  derived  based  on  the 
mean  lif't4.;  1e  or  occupancy  of  a  :.  iolecule  in  the  ;  yctei:  i,  by  , a::  ica  ",  io 
cazracity,  or  ru,,  iber  of  eMc'jan;  cable  ad:  Orbea  ;,  Ioloculer,  could  bo i! 
calculated  from  the  total  adsorbed  counts  or  from  adsorption  and 
derjor;  Lion  curves  if  the  tracer  pulse  was  of  rectangular  shape. 
Thee  analyses  were  later  modified  for  experiments  conducted  under 
pulsed  flow  conditions. 
CA`,  -,  h  constant  chlorobenzeno-hydrogen  flow  conditions,  cliloro- 
ben  ene-Cltt  cave  an  adsorption  of  up  to  4.6  x  1017  molecule 
(cm-  catalyst)  -1  on  1.07%  Pd/äi02  and  5.8  x  1017  rýolecule  m  -1 
on  1i  CZ  under  sir:  -lar  conditions,  co:  irared  with  ca.  L1. 
.. 
1016 
surface  metal  atolls  per  m  catalyst  from  CO  cheaisorption.  Under 
pulsed  flow  conditions  in  H2  carrier,  the  semi-loG  count  rate  versus 
time  plots  for  chlorobenzone  and  benzeuc  from  Pd/SiC2  shored  fast 
and  slow  linear  regions  with  an  intersection  at  ca.  4x  1015  and 
i 
1x  10`5 
..  iolecule  :  n,,  on  4-47  and  1.031;  Pd/  ,  i02  respectively, 
there  : "w￿ures  bein_..  largely  independent  of  the  size'  of  tracer  pulse 
used.  Under  N2  flow,  similar  but  slower  two-fold  desorptions  .,  ere 
observed  with  an  intersection  between  1.71  ý;  1016  and  4.1  x  1015 
molecule  nu,  on  4.47;;  Pd/;  i02.  Lese  Grell  defined  curves  were 
obtained  with  Pd  blac!  "..  In  all  experiments  the  fraction  of  tracer 
irreversibly  adsorbed  on  the  catalyst  was  neý;  libible. 
Ethylene-C14  pulses  in  hydrogen  and  hydrogen-ethylene  flows 
resulted  in  a  transient  adsornt"ien  of  ca.  1x  10i6  molecule  mS-1 
from  270  -  317  K  on  the  4-77,,  '  Ir/.  i02  catalyst  st  with  ca.  4x  10 
16 
surface  :..  etal  atoms  pcr  mg  determined  by  CO  cherlisorption.  This 
adsorption  show,  ":  ed  little  variation  with  ethylene-Clt;  partial  pressure 
but  rose  to  5.3  x  JU-  molecule  1nZ-1  at  239  K.  Ethane-C14.  save 
an  adsorption  of  5x  1015  .  olecule  mZ-1  at  291E  K  on  the  same  catalyst. 
On  silica,  tranuien  L  ethylene-C14  adsorption  varied  throughout  the 
te.,  iperature  r^n;  e  of  251  to  304  K  from  1.0  x  1617  to  3.2  x:  1016 
molecule  rý  with  75  torr  cth:  ylezie-C14  and  was  dependent  on  the 
partial  ý.  roz:  jure.  nalysic  of  the  adsorption  and  decor;  Lion  curves 
at  le,.:  cr  too  io::  "atures  Lave  vc.  luec  of  ca  acity  similar  to  t.  ie  ob:  erved 
transient  r..  r'.;  o1  t  on  on  Ir/  iO 
,. 
Ethyl 
. "1e-C14  _iulccs  also  resulted 
is  so:  ce  lo:.  ;  er  live;  ,.  ecicc  c).  1  silica,  Ir/wi0  and  PL-/:;,  0(0.13 
-15  s  22  j° 
0.3  -  tc.  l  and  0.  `5  -  0.53",  of  the  tracer  -pulse  respectively),  which 
depended  o:  i  the  I,  reviouo  catalyst  treatment. 7 
The  chlorobenzene  results  were  interpreted  in  terms  of  reaction 
occurrin;;  on  ca.  300.  of  the  total  Fd  surface,  the  remain;  er  being 
hydro3on  covered,  product  benzene  adsorbed  on  this  part  of  the 
surface  Livins  rise  to  the  slower  part  of  the  desorption  observed 
in  hydrogen  flow.  The  faster  parts  of  the  desorptions  were  attributed 
to  chlorobeazene  removal  from  a  support  phycicorbed  state,  either  by 
desorption  or  reaction  to  benzene  on  the  metal  surface.  A  kinetic 
scheme  was  proposed  for  this  desorption  and  rate  constants  determined 
by  iterative  curve  1  ittinS.  -Ethylene  hydrogenation  over  Ir/SiO2 
was  concluded  to  occur  between  one  adsorbed  ethylene  molecule  per 
four  surface  Ir  atoms  reacting  with  adsorbed  hydrogen.  At  least 
ten  types  of  hydrocarbon  adsorption  were  thou  ;  ht  to  occur  during 
the  reaction,  including  adsorption  on  both  metal  and  support.  It 
was  concluded  that  the  tracer  dynamics  techniques  employed-yielded 
useful  information  on  surface  processes  during  catalysis,  although 
more  structural  information  on  surface  species  was  desirable. CHAPTER1 
Introduction 4 
Chanter  1 
Introduction 
1.1.  Preliminary  remarks 
In  any  study  of  chemical  reactivity  one  of  the  most  fundamental 
requirements  is  a  knowledge  of  the  concentrations  of  the  reactants. 
For  heterogenous  catalytic  systems  this  information  is  not  normally 
available,  due  to  the  difficulties  involved  in  measurements  at  an 
interface.  One  aspect  of  this  problem  concerns  the  relatively  small 
number  of  molecules  which  comprise  the  interfacial  layer  relative  to 
those  present  in  the  bulk  phases,  and  the  inapplicability  of  many 
physical  techniques  normally  used  for  homogeneous  systems  in  measure- 
ments  across  a  solid/gas  or  solid/liquid  boundary.  The  solid  surface 
itself  is  rarely  uniform  resulting  in  a  variety  of  possible  adsorption 
modes  for  substrate  molecules  and  a  corresponding  distribution  of 
catalytic  activity  dependent  on  these  irregularities.  The  impli- 
cations  of  the  concept  of  surface  heterogenity  in  catalysis  were 
first  clearly  recognised  by  Taylor  in  1925  (1)  when  he  suggested 
that  catalytic  reacticnswould  be  found  where  the  fraction  of  the 
surface  which  is  active  would  range  from  a  small  number  of  "active 
centres"  to  every  surface  atom,  depending  on  the  catalyst  and  the 
reaction  catalysed. 
xhe  aim  of  the  present  study  was  to  obtain  more  information 
about  the  active  surface  of  a  heterogeneous  catalyst,  and  more 
specifically,  the  number  of  reactant  molecules  adsorbed  on  the 
surface  which  subsequently  undergo  reaction.  The  remainder  of 
this  chapter  will  be  devoted  to  a  survey  of  studies  relating  to  the 
extent  of  surface  catalytic  activity  and  the  use  of  radiotracers  for 
the  direct  observation  of  adsorption.  in  chapter  2,  previous  con- 
comitant  studies  of  adsorption  and  catalytic  activity  will  be 
discussed,  and  the  background  theory  of  a  new  dynamic  radiotracer 
approach  described.  chapter  3  will  deal  with  the  choice  of  chemical 
systems  for  study  and  the  present  state  of  knowledge  of  these  systems. 
., 
he  succeeding  chapters  will  be  devoted  to  description  and  discussion 
of  the  experimental  techniques  employed  and  the  results  obtained. 5 
1.2.  The  active  surface 
While  it  is  seldom  possible  to  define  exactly  the  nature  and 
concentration  of  active  sites  on  a  catalytic  surface,  one  physical 
characteristic,  the  surface  area,  may  be  obtained  with  relative  ease. 
if  it  is  assumed  that  the  concentration  of  active  sites,  or  ,  site 
density",  will  be  constant  for  a  particular  type  of  surface,  then  a 
knowledge  of  the  surface  area  enables  a  comparison  to  be  made  of 
reaction  velocities  over  catalysts  having  a  common  active  surface. 
The  method  most  widely  accepted  for  the  determination  of  surface  areas 
of  finely  divided  materials  is  that  developed  by  Brunauer,  Emmett  and 
Teller  (2).  This  technique  is  based  on  the  assumption  of  a  constant 
area  occupied  by  a  physisorbed  gas  molecule  at  low  temperatures  and 
monolayer  coverage.  For  a  homogeneous  material  the  surface  area 
derived  is  perfectly  adequate,  but  where  one  wishes  to  distinghich 
between  different  components  in  the  solid  more  sophisticated  methods 
must  be  used.  The  industrial  importance  of  supported  metal  catalysts 
has  led  to  a  great  deal  of  activity  in  the  determination  of  the  area 
of  the  metal  component.  Both  physical  and  chemical  methods  have 
been  used,  and  although  all  are  subject  to  certain  limitations,  by 
1969  Boudart  was  sufficiently  confident  in  the  progress  made  to 
suggest  that  all  future  investigations  of  catalysis  on  supported 
metals  must  include  a  determination  of  the  metal  surface  area  (3). 
If  it  is  assumed  that  a  particular  reaction  takes  place  only 
on  the  metal  surface  of  a  supported  metal  catalyst,  a  "specific  rate 
constant-  can  be  calculated  from  a  knowledge  of  the  metal  surface 
area  (4).  This  rate  constant  may  be  defined  as  the  number  of 
molecules  reacting  per  unit  time  per  surface  metal  atom  k5). 6 
Selective  chemisorption 
In  principle,  for  a  supported  metal  catalyst,  if  an  adsorbate 
can  be  found  which  will  adsorb  selectively  on  the  metal  surface  with 
known  stoichiometry  then  a  value  may  be  obtained  for  the  surface  area 
of  the  metal.  In  practice  the  three  adsorbates  most  widely  used 
have  been  carbon  monoxide,  hydrogen  and  oxygen,  although  none  of  these 
is  ideal. 
Some  of  the  earliest  work  in  this  field  was  carried  out  by 
Brunauer  and  Emmett  using  carbon  monoxide  as  adsorbate  (6).  They 
compared  CO  chemisorption  with  the  low  temperature  adsorption  of  N2 
on  iron  powders,  but  interpretation  of  their  results  is  difficult  due 
to  the  likelihood  of  some  nitrogen  chemisorption  having  occurred. 
Similar  work  by  Beeck,  Smith  and  Wheeler  (7)  on  evaporated  nickel 
films  suggested  a  single  site  chemisorption  of  CO,  with  formation  of 
a  surface  complex  NiCO,  analagous  to  nickel  carbonyl. 
Lanyon  and  Trapnell  (8)  produced  results  for  CO  adsorption  on 
platinum  and  palladium  films  similar  to  those  found  by  Beeck:  et'al.  for 
nickel.  The  situation  concerning  molybdenum  and  rhodium  films  was 
somewhat  different.  Here  the  values  of  CO  chemisorption  were  respect- 
ively  1.23  and  1.40  relative  to  hydrogen  chemisorption.  Values  such 
as  these  indicate  both  single  and  double  adsorption  sites  for  CO. 
Infra-red  studies  by  Eischens  et  al.  (9,10)  confirmed  the  occurrence 
of  both  adsorption  modes  on  various  metals  supported  on  silica  and 
alumina.  Supported  platinum  and  palladium  showed  both  single  and 
double  modes,  the  former  being  of  greater  imtortance  at  higher  CO 
pressures.  This  phenomenon  may  be  attributed  either  to  a  reorgan- 
isation  of  adsorbed  species  at  higher  pressures  or  to  surface  hetero- 
geneity.  A  third  possibility,  that  of  two  CO  molecules  covalently 
bound  to  a  single  metal  atom  was  found  by  Yang  and  Garland  (11)  on 
a  rhodium  surface. 
A  further  complication  concerning  the  use  of  CO  is  due  to  direct 
adsorption  on  alumina  (12).  It  is  thus  necessary  to  make  a  correction 
for  adsorption  on  the  support,  especially  when  studying  catalysts  wit1 
low  metal-loadings. 7 
The  adsorption  of  CO  on  transition  metals  has  been  reviewed  by 
Ford  (13),  who  has  comprehensively  treated  the  work  on  individual 
metals.  In  spite  of  the  difficulties  encountered  in  defining  the 
precise  mode  of  adsorption  for  a  particular  catalyst,  the  technique 
is  now  widely  used  for  surface  area  determination  (14,15,16).  By 
allowing  for  the  greater  incidence  of  linear  bonding  on  smaller 
platinum  crystallites,  Dorling  and  Moss  (17)  achieved  satisfactory 
agreement  between  CO  adsorption  and  physical  techniques  for  particle 
size  determination. 
Another  application  of  carbon  monoxide  in  the  study  of  surface 
areas  was  developed  by  Wentrcek,  Kimoto  and  Wise  (18),  who  dhemi86rbed 
oxygen  on  platinum  in  the  form  of  powders  and  supported  on  carbon  and 
alumina.  The  adsorbed  oxygen  was  then  titrated  with  gaseous  CO,  the 
stoichiometry  of  the  reaction  following;  the  equation:. 
O(adsorbed)  +  2C0  ->  CO(adsorbed)  +  CO2. 
Quantitative  determination  of  the  cherisorbed  oxygen  was  either 
by  the  CO  consumed  or  the  CO2  formed. 
Simple  oxygen  chemisorption  has  been  used  in  surface  area  determ- 
inations  (19),  but  more  commonly  oxygen  adsorption  is  followed  by' 
hydrogen  titration  (20,21,22).  The  most  important  use  of  oxygen  chemi- 
sorption  is  in  cases  where  interaction  of  the  adsorbate  with  the 
support  is  likely  (23).  The  "spillover"  of  chemisorbed  hydrogen 
from  metal  to  support  has  been  widely  recoCnised  (see  later),  and 
represents  the  chief  disadvantage  in  the  use  of  hydrogen  chemisorption 
as  a  measure  of  surface  metal  atoms.  The  technique  has,  however, 
been  widely  used,  particularly  in  studies  of  dispersion  in  the  type 
of  supported  platinum  catalyst  employed  industrially  for  reforming 
reactions  (24).  A  further  problem  in  the  use  of  hydrogen  in  connection 
with  palladium  and  platinum  catalysts'is  the  phenomenon  of  absorption. 
The  ability  of  palladium  to  absorb  hydroGen  is  well  known,  and  recent 
studies  suggest  a  similar,  although  less  marked  occurrence  for 
platinum  ('25,26). 8 
Physical  techniques 
The  chernisorption  techniques  discussed  have  as  their  aim  a  direct 
deter;  aination  of  the  number  of  surface  metal  atoms  of  a  catalyst. 
The  object  of  many  physical  techniques  is  to  measure  the  same  quantity 
indirectly  by  a  determination  of  the  metal  particle  size  distribution. 
Assuming  a  particular  geo:  ietry  for  the  particle,  a  value  for  surface 
area  may  be  calculated  from  the  size  distribution  and  catalyst  metal 
loading. 
The  most  direct  measure  of  particle  size  has  been  obtained  by 
electron  microscopy,  in  particular  using  transmission  techniqueP. 
Resolutions  better  than.  2nn:  have  been  obtained  (27),  enabling  crystall- 
ites  of  1  nm  to  be  measured.  The  metal  particles,  having  considerably 
greater  density  than  the  support,  are  usually  readily  discernible  in 
micrographs  of  about  100,000X  magnification.  A  particle  size  dis- 
tribution  may  be  calculated  from  approximate  measurements  of  a  large 
number  of  metal  particles  (28). 
A  less  direct  approach  to  meta].  particle  sizes  utilises  X-ray 
powder  diffraction.  For  samples  with  crystallite  sizes  less  than 
about  100  nm,  the  diffraction  lines  are  broadened  to  an  extent  which 
depends  on  the  particle  size  distribution.  Below  about  4  nm,  the 
lines  become  too  diffuse  to  measure.  The  technique  is  of  greatest 
use  in  the  size  range  50  -  50  nn  (4,28,29,30).  A  more  sophistic- 
ated  treatment  of  X-ray  line  broading  has  been  employed  by  Moss.  et"al. 
(17,31,32).  In  these  studies,  the  apparatus  was  calibrated  with 
catalysts  of  known  large  particle  size.  By  comparing  the  results 
obtained  for  particles  over  about  ý  nm,  useful  information  was  obtained 
about  the  remaining,  more  finely  divided,  metal. 
One  further  physical  method  worthy  of  mention  is  limited  to 
ferromagnetic  materials,  principally  nickel  (4,33,34,35).  As 
the  Curie  temperature  is  dependent  on  particle  size,  analysis  of  the 
thermomagnetic  curves  of  the  catalysts  studied  may  yield  a  particle 
size  distribution. 9 
Support  reactivity 
The  use  of  a  porous  nonmetallic  support  material  to  obtain  a 
finely  divided  metal  catalyst  has  been  common  for  many  years. 
Apart  from  its  effect  in  reducing  metal  sintering,  the  influence 
of  the  support  may  be  threefold,  viz: 
1.  The  support  may  be  active  in  catalysis. 
2.  It  may  affect  the  surface  area  of  the  metal  and  its 
determination. 
3.  An  electronic  interaction  may  exist  between  metal  and 
support,  modifying  the  catalytic  activity  of  either  or  both. 
The  last  mentioned  effect,  postulated  by  Herbo  for  the  influence 
of  support  on  metal  (36),  has  not  been  given  conclusive  proof  (37), 
but  the  reverse  interaction  is  more  probable  (38). 
It  is  1.  and  2.  above  which  most  concern  us  in  dealing  with  the 
magnitude  of  the  active  surface. 
The  most  obvious  example  of  support  reactivity  is  that  of  bi- 
functional  catalysis  (39).  In  the  catalytic  reforming  of  hydrocarbons 
on  acidified  alumina  or  silica-alumina  supported  platinum  (40),  neither 
support  nor  metal  alone  fulfils  the  function  of  the  supported  metal. 
For  other-catalytic  systems,  the  function  of  the  support  is  not  so 
clearly  defined.  In  fundamental  studies  on  supported  metal  catalysts, 
the  possibility  of  hydrogen  spillover  from  metal  to  support  has 
rendered  many  results  inconclusive.  This  phenomenon,  recently 
reviewed  by  Sermon  and  Bond  (41),  has  been  widely  observed  and 
should  be  taken  into  consideration  in  conjunction  with  the  possible 
spillover  of  other  adsorbents  in  most  supported  metal  studies. 
Khoobtar  first  detected  hydrogen  spillover  from  platinum  to  a 
tungsten  oxide  support  (42),  and  subsequent  studies  indicate  that  the 
primary  requirements  are  a  metal  which  does  not  adsorb  hydrogen  too 
stron  ly  combined  with  a  support  with  hydrogen-acceptor  sites. 
Studies  of  the  catalytic  effect  of  "activated"  hydrogen  adsorbed 
on  the  support  have  been  inconclusive.  Enhanced  catalytic  activity 
for  the  hydrogenation  of  ethylene  on  certain  supports  (e.  g.  alumina) 
has  been  attributed  to  the  phenomenon  (e.  g.  43).  This  interpretation IV 
was  subsequently  questioned  by  Schlatter  and  Boudart  (5),  who 
attributed  rate  enhancement  to  the  scavenging  of  carbonaceous 
residues  by  the  support  material.  A  direct  demonstration  of  low 
temperature  ethylene  :  hydrogenation..  on  alumina  previously  in 
contact  with  a  nickel-alumina  catalyst  has  been  given  by  Gardes, 
Pajonk  and  Teichner  (44),  although  a  proper  appreciation  of  their 
results  must  await  the  publication  of  further  detail.  The  spillover 
of  hydrocarbon  species  from  metal  to  support  (45,46,95,96)further  sub- 
stantiates  the  possibility  of  a  catalytic  function  of  the  support. 
Conclusions  on  surface  areas 
Before  discussing  the  usefulness  of  active  surface  areas,  it 
should  be  noted  that  while  precise  determinations  appear  difficult, 
it  seems  probable  that  correct  values  can  be  obtained  to  within  a 
factor  of  2  (3,47).  No  single  method  of  surface  area  determination 
may  be  considered  infallible,  and  it  has  been  recommended  that  several 
techniques  should  be  applied  to  each  individual  catalyst  under  study 
(28.  )  While  it  may  often  be  impractical  to  apply  several  techniques 
it  would  seem  wise  to  compare  a  selective  chemisorption  with  results 
obtained  from  a  physical  technique. 
If  the  assumption  is  made  that  the  metal  contribution  to  the 
total  activity  of  a  supported  catalyst  is  paramount  (it  is  normally 
safe  to  assume  that  the  metal  is  active),  can  one  consider  the  metal 
area  to  be  an  adequate  measure  for  the  comparison  of  activities  of 
different  catalysts?  If  investigations  are  carefully  conducted  it 
has  been  demonstrated  that  the  specific  activity  of  a  given  metal  in  the 
form  of  a  film  is  comparable  with  that  of  the  supported  metal  (4,5). 
When  comparing  different  metals,  the  differing  extents  of  surface 
heterogeneity  may  have  to  be  taken  into  account.  The  occurrence  of 
irreversibly  adsorbed  species  on  a  catalyst  during  reaction  has  been 
established  e.  g.  by  spectroscopic  (48)  and  radiotracer  (49)  techniques. 
The  extent  of  the  corresponding  inactive  portion  of  the  surface  varies 
according  to  the  metal,  from  6.5iß  on  platinum  to  63.5%  on  palladium 
(Lf9).  4'ihile  adjustment  öf  the  specific  rate  constants  could  be  made 
in  accordance  with  such  figures,  the  remainder  of  the  surface  may  not 
be  equally  active  in  catalysis  (50).  Although  the  metal  surface  area 
is  an  important  physical  characteristic  of  a  catalytic  system  it  may 
not  be  an  adequate  measure  of  the  "concentration"  of  the  catalytically 
active  species. II 
1.3.  Active  sites 
In  the  previous  section,  no  attempt  was  made  to  identify  the 
precise  nature  of  the  scat  of  a  heterogeneously  catalysed  reaction. 
This  must,  however,  be  an  eventual  goal  of  researchers  in  the  field. 
For  a  comparison  of  the  activities  of  catalysts,  the  number  rather 
than  the  nature  of  the  active  sites  may  be  sufficient.  Thus  we  have 
defined  the  two  broad  areas,  sometimes  overlapping,  into  which  studies 
on  active  sites  have  been  directed.  The  literature  on  the  subject 
has  been  twice  reviewed  by  Maatman  (51,52). 
The  nature  of  the  active  sites 
On  metallic  catalysts,  reactions  may  be  usefully  categorised 
according  to  Boudart's  nomenclature  (53).  Those  whose  rates  do  not 
vary  with  particle  size,  and  are  therefore  assumed  to  occur  with 
equal  facility  on  crystallite  faces,  edges  and  corners,  are  termed 
"facile"  or  "structure-insensitive.  "  Boudart  has  also  observed  (54) 
that  Temkin's  theory  of  catalytic  reactions  on  continuously  non- 
uniform  surfaces  predicts  that  sites  which  differ  by  leV  in  binding 
energy  give  rise  to  reaction  rates  differing  by  less  than  one  order 
of  magnitude,  which  will  be  even  closer  to  the  mean  rate  for  all 
sites.  The  mean  rate  would  therefore  be  dependent  on  the  shape  of 
the  site  energy  distribution  function,  which  in  turn  appears  to  be 
insensitive  to  particle  size. 
A  well  known  example  of  a  structure-insensitive  reaction  is  the 
hydrof;  enaticn..  of  ethylene.  The  comparison  made  by  Schuit  and  van 
reijen  of  rates  over  supported  metal  catalysts  and  metal  films  has 
already  been  referred  to  (1}).  A  confirmation  of  the  results  obtained 
was  made  by  Schlatter  and  Boudart  (5)  who  found  that  a  rigorous 
cleaning  of  a  platinum-silica  catalyst  during  pretreatment  enabled 
a  specific  rate  constant  to  be  derived  for  ethylene  hydrogenation 
witnin  30;  %  of  that  obtained  over  an  evaporated  platinum  film. 
P-iateeuwot  al.  studied  the  effect  of  varying  metal  particle 
sizes  (Ni,  Pt,  Pd)  on  various  support  materials  (silica,  alumina, 
silica-alumina,  silica-magnesia)  from  less  than  1  nmto  greater  than 
, 
10  nm(55,56).  The  specific  rate  constants  calculated  for  various l(-I 
reactions  .( 
hydrogenation,  -  of  benzene,  isomerisation  of  n-hexane, 
dehydrocyclisation  of  n-hexane)  were  found  to  be  independent  of  the 
particle  size.  Similar  results  have  been  obtained  by  Ratnasamy  for 
benzene  hydrogenation 
-  over  supported  platinum  (57). 
Evidence  for  structure-sensitive  reactions  on  metals  has  been 
less  frequently  encountered.  Balandin  has  suggested  that  special 
sites  with  a  certain  number  of  nearest  neighbour  metal  atoms  consti- 
tute  the  active  sites  (58).  Direct  proof  of  this  theory  is  as  yet 
unavailable. 
An  interesting  case  of  a  structure  sensitive  reaction  is  that 
of  the  hydrogenolysis  of  neopentane  to  isobutane  and  methane  over 
platinum  catalysts,  where  a  competitive  reaction,  isomerisation  of 
neopentane  to  isopentane  also  occurs.  In  an  investigation  of  the 
reaction  over  platinum  supported  on  a  porous  graphitised  carbon, 
Boudart,  Aldag,  Ptak  and  Benson  examined  the  effect  of  catalyst 
pretreatment  on  the  reaction  rates  and  the  ratio  of  isomeriQation 
to  hydrogenolysis,  i.  e.  the  "selectivity"  of  the  catalyst  (59). 
It  was  found  that  the  removal  of  carbon  residues  from  the  metal  by 
repeated  doses  of  oxygen  increased  the  reaction  rate  by  two  orders 
of  magnitude  without  affecting  the  selectivity.  A  different  result 
was  obtained  when  the  catalyst  was  first  fired  in  vacuo  at  1173K,  -a 
treatment  designed  to  promote  equilibration  of  crystallite  shapes 
without  affecting  particle  size.  Following  this  treatment,  the 
selectivity  was  increased  by  a  factor  of  five  in  favour  of  iso- 
merisation.  This  result  agreed  with  the  earlier  experiments  of 
Anderson  and  Avery  (60),  who  interpreted  their  results  in  terms  of 
1,3  -  diadsorbed  and  triadsorbed  neopentane  on  different  crystal 
faces.  Geometrical  considerations  indicate  that  the  triadsorbed 
species  occur  only  on  the  (l11)  face,  or  at  triplet  sites  with 
similar  geometry.  If  the  hydrogenolysis  reaction  is  more  favourable 
from  the  diadccrbed  species,  the  optimisation  of  appropriate  sites 
for  the  triadsorbod  species  would  explain  the  observed  increase  in 
selectivity  for  isomerisation  due  to  the  fall  in  the  rate  for 
hydrogenolysis. -L> 
A  little  more  success  has  been  achieved  in  identifying  the 
active  sites  of  non-metallic  catalysts,  largely  due  to  the  greater 
chemical  distinction  between  the  site  and  the  surrounding  surface. 
one  of  the  most  important  phenomena  in  nonmetallic  catalysts  is 
co-ordinative  unsaturation.  If  an  oxide  catalyst  is  heated,  par- 
ticularly  under  vacuum,  then  the  dehydration  of  surface  hydroxyls 
(20H  ->  U2  +  H2O)  exposes  co-ordinatively  unsaturated  cations 
which  are  then  able  to  participate  in  adsorption  and  catalysis. 
±ley  and  Zamnitt  (61)  studied  the  reactions  pH2  ->  O12,  oD2  -->  pll2 
and  lit/D2  exchange  over  Y-  A1203.  They  correlated  reaction  rate 
with  the  number  of  free  spins  on  the  catalyst  surface,  and  suggested 
the  following  structure,  proposed  by  Acres,  .  ley  and  ''rillo  (62) 
as  the  probable  location  of  activity: 
Q 
-0  -  Al  -0-  Al  -0-  Al- 
4 
a-  Al203was  found  to  be  more  active  than  Y-  A1203  for  the 
reactions.  Since  a  higher  impurity  content  and  lower  nonstoichi- 
ometry  were  associated  with  y-  A12ý3,  it  was  concluded  that  the 
activity  may  be  associated  with  the  former. 
The  extensive  studies  on  chromia  catalysts  by  tsurcrell,  Haller, 
-Taylor  and  read  (63)  showed  that  co-oidinatively  unsaturated  Cr3+ 
ions  were  involved  in  the  hydrogonatiaii 
-of.  olefins,  exchange  of 
the  toluene  methyl  group  and  olefin  isomorisation.  Sancier,  Lozono 
and  Wise  t64)  used  electron  spin  resonance  Lectroscopy  to  identify 
r.  o6+/mo5+  surface  sites  as  the  active  centres  for  propylene  oxidation 
over  bismuth  molybdate. 
An  interesting  confirmation  by  experiment  of  the  theoretically 
derived  location  of  active  sites  is  found  in  the  case  of  the  stereo- 
specific  polymerisation  of  propylene  by  riCl3  crystallites.  Ariman 
t65)  put  forward  the  theory  that  the  removal  of  chloride  ions  from 
the  k1o10)  planes  of  a-Tiu13  is  more  favourable  for  the  maintenance 
of  electrical  neutrality  than  removal  from  the  k00u11  basal  planes. 
This  removal  results  in  the  exposure  of  T13+  ions,  the  activator  for 1Lf 
propylene  polyseiisation.  electron  micrographs  subsequently  located 
polymer  nodules  on  a  used  catalyst  only  at  the  prismatic  faces  and 
the  ledge  of  a  screw  dislocation  on  one  of  the  basal  planes  which 
were  otherwise  free  of  nodules  (66). 
"rhe  catalytic  activity  of  zeolites  has  attracted  much  attention 
in  recent  years  (67).  Due  to  their  porous  crystalline  structure, 
they  have  perhaps  the  maximum  possible  ratio  of  surface  area  to 
bulk  volume,  the  surface  area  being  typically  in  the  region  of  1,000 
m2g-l.  Y-  zeolite  contains  large  pores  of  about  1.2  nm  diameter  con- 
nected  via  0.8  nm  windows  in  a  three  dimensional  network.  The  crystal 
framework  consists  of  alternating  silica  and  alumina  tetrahedra 
sharing  oxygens.  Such  a  structure  results  in  A13+  ions  which  each 
require  the  presence  of  a  positive  charge,  located  at  a  counter  ion 
in  one  of  the  pores,  to  maintain  electrical  neutrality.  Rabo,  Angell, 
Kasai  and  Schonalter  (68)  suggested  that  the  divalent  or  trivalent 
charge  compensating  ions  so  introduced  should  result  in  large  electro- 
static  fields  in  their  vicinity,  readily  accessible  to  gaseous 
molecules  small  enough  to  negotiate  the  intercommunicating  porous 
structure.  The  increased  catalytic  activity  of  zeolites  over 
silica  -  alumina  gels  for  reactions  involving  formation  of  carbonium 
ion  intermediates  from  hydrocarbons,  was  initially  ascribed  to  the 
polarising  power  of  the  large  ionic  fields  to  enhance  the  carbonium 
ion  formation  (68).  It  now  seems  more  likely  that  the  effect  of 
the  charge  compensating  ionic  field  is  secondary,  acting  via  the 
Br$nsted  acidity  of  hydroxyl  protons  (69).  In  studies  of  the 
Mössbauer  spectra  of  Feg+and  Fe3+  ions  exchanged  into  Y-  zeolites, 
this  view  was  confirmed  by  spectroscopic  perturbations  due  to 
molecules  such  as  t-butyl  alcohol  and  piperidine,  which  are  too 
large  to  penetrate  to  the  Fe 
2+ 
ions  in  the  zeolite  framework  (70). i.  ", 
Active  cite  densities 
Maatnian  has  given  four  basic  approaches  to  the  problem  of 
determining  site  densities  (52)"  These  may  be  briefly  listed 
as  follows: 
1.  Theoretical  methods. 
2.  'Direct'  measurement  of  some  process  directly  connected 
with  the  site  density. 
3.  Enumeration  of  the  number  of  surface  species  known  to 
be  active  in  catalysis. 
4.  Indirect  determination  of  the  minimum  and  maximum  values 
which  are  possible. 
The  theoretical  approach  to  site  densities  relies  entirely  on 
the  correct  choice  of  reaction  mechanism  on  which  to  base  the 
calculations.  one  of  the  basic  types  of  calculation  makes  the 
assumption  that  the  adsorption  step  is  rate  limiting.  For  example, 
Ashraead,  Jley  and  xudham  (71)  calculated  a  value  for  ortho-para 
hydrogen  conversion  and  hydrogen-detterium  equilibration  over  Nd2u3 
at  588K.  Constant  values  were  used  for  the  collision  number,  the 
sticking  coefficient  and  the  observed  activation  energy.  The 
value  taken  for  the  active  fraction  of  the  surface  was  chosen  to 
give  a  rate  constant  which  agreed  with  that  derived  experimentally. 
It  was  found  that  a  site  density  of  approximately  1u12  sites  cm 
2 
gave  best  agreement  with  experiment. 
The  most  widely  used  theoretical  approach  is  based  on  the 
absolute  rate  theory  of  Gla.  sstone,  Laidler  and  gyring  (72).  The 
most  readily  used  equation  is  that  for  a  zero  order  rate  determining 
step: 
Rate  =ck:  T  exp  (S/)  exp  (-  E/RT)  ,  ah 
where  ca  =  site  density, 
k=  iioltzmann  constant, 
h=  Planck's  constant, 
T=  temperature, 
S=  entropy.  of  activation, 
and  =  heat  of  activation. If  it  is  assumed  that  the  entropy  chance  on  activation  is 
approximately  zero,  i.  e.,  the  transition  state  entropy  is  little 
different  from  that  of  the  adsorbed  reactant,  a  value  may  normally 
be  calculated  for  the  site  density  using  experimental  values  of 
reaction  rate  and  activation  energy  (52).  A  recurrent  feature  of 
calculations  based  on  this  method  is  a  tendency  to  very  low  site 
densities.  Those  reported  by  maatman  range  from  6x  1011  to 
3x  lu3  sites  cm-2 
in  certain  cases  a  comparison  may  be  made  between  experiment 
and  theory.  misra  (73)  studied  the  dehydration  of  phenylpicryl- 
hydrazine  adsorbed  on  XiU2.  Reactivity  was  due  to  F-centre  electrons, 
lud  of  which  were  present  per  cm2.  Using  this  figure  as  a  value  for 
the  site  density,  the  above  equation  predicted  a  reaction  rate  within 
a  factor  of  2u  of  the  experimental  value.  in  contrast,  the  theor- 
etical  value  of  Alaatiaan,  r:  ahaffy,  Hoekstra  and  Addink  (74)  for  the 
dehydrogenation  :  of  cyclohexane  over  Ft  -  A1203  was  lU9  sites  cm 
2, 
much  lower  than  the  value  predicted  by  experiment.  As  mentioned 
previously,  Aben,  Flatteeaw  and  atouthamer  %56)  showed  the  reaction 
to  be  structure  insensitive.  If  every  surface  platinum  atom  is 
active,  then  the  site  density  should  be  of  the  order  of  lul4  cm-2. 
maatman  et  al.  rejected  the  possibility  of  the  very  high  decrease  in 
entropy  of  activation  (-23  eu)  necessary  to  accommodate  a  facile  re- 
action  in  their  calculation,  and  concluded  that  for  this  reaction, 
as  for  that  over  rd  -  Al2O3  t,  75),  the  reaction  mechanism  adopted 
was  at  fault.  it  was  proposed  that  at  least  one  intermediate  took 
part  in  the  rE.  action,  and  trace  amounts  of  cyclohexene  were  detected 
X75)" 
Of  the  reactions  discussed  previously  for  which  active  sites 
have  been  identified,  come  values  for  concentration  were  also  obtained. 
The  electron  spin  resonance  studies  of  zley  and  Zammitt  for  "hydrogen" 
exchange  over  alumina  (61)  yielded 
'a 
value  of  1.9  x  1011  free  spins 
cm-2,  this  figure  being  equated  with  the  site  density.  Sancier, 
Dozono  arid  'Jise  found  that  the  active  sites  of  their  bismuth  molyb- 
date  catalyst  for  propylene  oxidation  constituted  1%  of  the  total 
surface  sites. A  further  example  of  low  site  densities  being  obtained  experi- 
mentally  is  found  in  the  case  of  ethylene  polymerisation  over  chromic 
supported  on  alumina  and  other  carriers.  Yermakov  and  Zakharov  (76) 
determined  the  number  of  polymer  chain  ends  by  stopping  the  reaction 
with  carbon  -  14  labelled  methanol,  which  combined  with  the  chain 
ends.  The  number  of  incorporated  labelled  molecules  led  to  values 
of  site  density  between  1010  and  1012  cm-2,  depending  on  the  oxide 
support. 
Experimental  results  such  as  these  tend  to  confirm  the  validity 
of  some  transition  state  theory  calculations  for  nonmetallic  catalysts. 
The  fact  that  similar  theory  does  not  predict  the  values  expected 
from  experiment  for  metallic  catalysts,  generally  assumed  to  have 
high  densities,  must  leave  some  room  for  doubt  in  other  cases. 
Maatman  has  made  a  further  point  in  favour  of  low  site 
densities  (52).  Reactions  catalysed  by  enzymes  appear  to  be 
much  more  efficient  than  those  of  solid  catalysts  if  high  site 
densities  are  assumed.  In  general  the  efficiencies  become  com- 
parable  only  when  site  densities  as  low  as  those  predicted  by 
transition  state  theory  are  adopted.  It  does  not  seem  too  un- 
reasonable  to  assume,  however,  that  enzymes  developed  by  nature 
through  millenia  of  evolution  should  be  greatly  superior  in  catalysis 
to  the  relatively  simple  systems  used  for  heterogeneous  catalysis. 1V 
1.1}.  padiotracer  studies 
Since  the  introduction  of  the  nuclear  reactor,  radioisotopes 
not  found  in  nature  have  become  readily  available.  In  chemistry, 
few  areas  of  mechanistic  study  have  been  unaffected  by  the  possibility 
of  following  labelled  atoms  through  chemical  change  of  the  molecules 
of  which  they  are  part.  The  field  of  heterogeneous  catalysis, 
pzesenting  as  it  does  many  mechanistic  problems,  has  been  no  ex- 
ception  in  finding  uses  for  radioactively  labelled  compounds.  A 
summary  of  some  of  these  studies  may  be  found  elsewhere  (77).  In 
General,  radiotracer  applications  in  catalysis  can  be  subdivided  into 
two  types,  viz: 
1.  The  more  conventional  type  of  mechanistic  study  using 
labelled  reactant  or  suspected  intermediate,  and  the  distri- 
bution  of  the  labelled  species  in  the  product. 
2.  The  direct  observation'of  labelled  molecules  adsorbed 
on  the  catalyst  surface. 
An  example  of  the  first  type  of  study  has  been  mentioned  in 
relation  to  the  polymerisation  of  ethylene  over  supported  chromia 
catalysts  (75)"  A  further  well  known  example  is  found  in  the 
studies  of  the  Fischer  -  Tropsch  synthesis  by  Emmett  and  coworkers 
(78  -  84),  who  investigated  the  incorporation  of  radioactively 
labelled  intermediates  into  the  product  hydrocarbon  chains.  Both 
of  these  examples  made  use  of  carbon  -  14  as  the  isotopic  tracer, 
but  tritium, 
3H., 
has  also  been  used,  e.  g.  in  studies  of  hydrogen 
spillover  (85,86)  and  hydrogen  retention  by  platinum  blacks  (26). 
Our  primary  interest  in  this  study  is  in  applications  of  the 
second  variety.  Of  particular  importance  in  detecting  adsorbed 
species  by  this  method,  is  its  sensitivity  to  small  amounts  of 
adsorbate.  An  argument  based  on  that  of  Thomson  and  ';  ebb  (77) 
will  illustrate  this  point. 
If  we  consider  a1  cr.  12  area  of  the  (100)  face  of  a  nickel  crystal, 
a  value  of  6.5x  1015  surface  nickel  atoms  may  be  calculated. 
Assuming  a  surface  coverage  of  adsorbate  in  a  ratio  resulting  in 
one  carbon  -  14  atom  per  surface  nickel  atom,  the  total  activity 19 
of  carbon  -  14  adsorbed  would  be  2.6  x  1045-1.  In  the  case  of  a 
C2  compound,  this  corresponds  to  5x  10-9  moles  of  adsorbate.  The 
figure  given  for  adsorbed  activity  represents  a  maximum  value,  and 
would  be  expected  to  fall  considerably  if  tracer  of  more  normal 
specific  activity  were  used.  If  a  ratio  of  carbon  atoms  to  surface 
metal  atoms  less  than  unity  were  encountered,  taking  into  consideration 
the  frequently  low  efficiency  of  detection  of  carbon  -  14  ßr  emission, 
one  might  reasonably  expect  an  observed  count  rate  in  the  region  of 
los-1  cm-2,  a  perfectly  acceptable  activity  level  for  determining 
suiface  coverage.  In  practice,  this  count  rate  may  be  considerably 
improved  by  the  use  of  a  highly  dispersed  adsorbent,  such  as  a 
supported  metal. 
Much  work  in  the  field  of  direct  observation  of  adsorption 
has  been  carried  out  by  Thomson  and  coworkers  (87  -  96).  One  of 
the  main  features  of  these  studies  has  been  an  unambiguous  demon- 
stration  of  surface  heterogeneity,  and  its  importance  in  catalysis. 
Cranstoun  and  Thomson  (91)  showed  by  the  displacement  of  tritiated 
hydrogen  from  a  nickel  film  by 
203Hg, 
that  desorption  occurred  on  a 
"last  on,  first  off"  basis.  The  heterogeneity  of  metal  surfaces 
in  catalytic  reactions  was  demonstrated  for  hydrocarbon  adsorption. 
Ethylene-C1 
.'  preadsorbed  on  a  nickel  film  and  subsequent  hydro- 
genation  of  ethylene  over  the  film  showed  that  more  than  half  of  the 
nickel  surface  was  inactive  during  the  reaction  (90).  Similar  ex- 
periments  with  supported  metal  catalysts  (93),  gave  varying  fractions 
of  the  surface  inactive  in  catalysis  (Pd,  63.5%;  Ni,  24%;  Rh,  22.5%; 
Ir,  16%;  Pt,  6.55).  More  detailed  studies  by  Reid,  Thomson  and  Webb 
(95,96)  have  recently  been  made  of  the  adsorption  of  carbon  -  14 
labelled  ethylene,  acetylene,  and  carbon  monoxide  on  rhodium  catalysts 
supported  on  silica  and  alumina.  Ethylene  and  acetylene  adsorption 
was  shown  to  exceed  that  of  carbon  monoxide  "monolayer"  coveraGe. 
The  adsorption  isotherms  of  ethylene  and  acetylene  could  be  divided 
into  two  distinct  regions,  which  were  attributed  to  an  initial  metal 
adsorption,  and  support  adsorption  at  higher  pressures.  Moss  et  al. 
have  used  similar  direct  monitoring  techniques  to  find  metal  surface 
areas  by  monolayer  adsorption  of  carbon  -  14  labelled  carbon 
monoxide  (31,32). CHAPTIER2 
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Chapter  2 
The  Concomitant  Study  of  Adsorption  and  Catalysis 
2.1.  Objectives 
In  the  previous  chapter,  emphasis  was  placed  on  the  nature  and 
extent  of  the  surfaces  used  as  heterogeneous  catalysts.  The  surface 
with  which  we  will  be  primarily  concerned  in  the  present  study  is  one 
on  which  reaction  is  taking  place,  with  the  appropriate  reactant, 
intermediate  and  product  molecules  adsorbed. 
Tamaru  was  one  of  the  first  investigators  to  recognise  the 
importance  of  studying  adsorption  during  catalysis  (97).  He  pointed 
out  that  the  coverage  of  the  active  area  of  surface  during  catalysis 
need  not  be  that  derived  from  the  adsorption  equilibrium  with  the 
ambient  gases,  but  may  depend  on  the  mechanism  or  rate  determining 
step  of  the  reaction.  In  a  later  paper  (98)  Tamara  observed  in 
more  general  terms,  that  a  "clean"  surface  is  not  in  itself  a  catalyst, 
which  may  better  be  defined  as  the  surface  bearing  the  active  ad- 
sorbed  species  as  present  during  the  catalytic  reaction.  The 
properties  associated  with  the  catalyst  should  therefore  be  those 
pertaining  under  reaction  conditions.  Several  techniques  have  been 
applied  to  the  problem  of  determining  adsorption  during  catalysis, 
and  these,  along  with  some  of  the  results  obtained,  will  be  discussed 
in  the  following  section. 
In  section  1.4.,  the  technique  of  direct  observation  of  radio- 
tracer  molecules  adsorbed  on  a  surface  was  noted  as  being  of  partic- 
ular  importance  in  demonstrating  the  heterogeneity  of  catalyst 
surfaces.  Indeed,  in  certain  of  these  studies,  the  conditions 
used  have  been  related  to  those  during  reaction  (e.  g.  90,93). 
One  of  the  principal  virtues  of  the  method  lies  in  the  fact  that 
no  disturbance  of  the  catalyst  or  ambient  as  is  necessary  when 
carrying  out  adsorption  studies,  and  a  particular  fraction  of  the 
reacting  rnoleculesmay  be  observed  without  a  change  in  the  chemical 
nature  of  the  system.  This  makes  the  radiotracer  technique  almost 
ideal  for  concomitant  studies  of  adsorption  and  catalysis,  the 
principal  drawback,  however,  being  the  precise  identification  of 
the  adsorbed  species  observed. 21 
It  was  for  these  reasons  that  it  was  proposed  to  apply  radio- 
tracer  techniques  to  observing  adsorbed  species  during  catalytic 
reactions.  By  the  methods  outlined  in  sections  3  and  4  of  this 
chapter  (see  also  appendix  II),  it  was  hoped  to  obtain  the  following 
information: 
(1)  The  size  of  the  active  pool  of  molecules  adsorbed  on  a 
catalyst  surface  which  may  be  participating  in  catalysis.  A 
distinction  must  be  drawn  between  this  value  and  the  number  of 
catalytically  active  sites;  e.  g.,  a  large  number  of  adsorbed  re- 
actant  molecules  may  be  adsorbed  on  sites  of  which  only  a  few  are 
active,  most  molecules  migrating  to  these  sites  in  order  to  react. 
The  value  obtained  might  be  compared  with  the  surface  area  available 
for  reaction,  and  conclusions  drawn  about  the  proportion  of  metal 
(and  for  support)  which  is  active  for  a  supported  metal  catalyst. 
(2)  The  mean  lifetime  of  the  adsorbed  species.  This  value 
gives,  in  effect,  an  absolute  value  for  the  catalytic  rate  constant. 
(3)  A  possible  insight  into  the  kinetics  and  mechanism  of 
the  reaction. 
(4)  The  nature  and  extent  of  long  lived  species  on  the 
catalyst  surface,  and  their  role  in  catalyst  poisoning. 
The  two  related  means  of  obtaining  this  information  considered 
were  based  on  the  behaviour  of  labelled  molecules  in  a  flow  system, 
which  permits  the  use  of  steady  state  reaction  conditions,  and  a 
simple  and  effective  means  of  introducing  reactant  samples  to  the 
catalyst  in  an  controlled  manner. GG 
2.2.  Previous  studies 
One  of  the  most  obvious  methods  for  the  concomitant  study  of 
adsorption  and  catalysis  is  the  gravimetric  technique,  although  it 
is  not  necessarily  straightforward  in  practice.  Mars,  Scholten 
and  Zwietering  (99)  studied  the  adsorption  of  nitrogen  on  iron  cat- 
alysts  during  ammonia  synthesis  by  means  of  a  magnetically  operated 
high  vacuum  balance.  Of  the  problems  encountered,  perhaps  the  most 
important,  experimentally,  were  the  corrections  for  buoyancy  and 
flow.  Since  only  the  net  changes  in  catalyst  weight  could  be 
determined,  the  effect  of  chemisorbed  hydrogen  was  difficult  to 
interpret,  but  the  conclusion  was  made  that  under  their  reaction 
conditions  the  activated  adsorption  of  nitrogen  was  rate  determining. 
Gravimetric  techniques  have  recently  been  adopted  by  Massoth  and 
Scarpiello  (100),  who  investigated  the  oxidative  dehydrogenation 
of  butene  to  butadiene  on  the  Zn  -  Cr  -  Fe  oxide  system,  and  by  Hsu 
and  Kabel  (101).  In  the  last  mentioned  study,  the  vapour  phase 
dehydration  of  ethyl  alcohol  to  diethyl  ether  was  observed  over  a 
hydrogen  ion  exchange  resin.  In  addition  to  catalyst  weight  changes 
the  vapour  phase  composition  and  total  pressure  were  simultaneously 
measured.  It  was  shown  that  the  adsorption  of  ethyl  alcohol  was 
a  much  faster  process  than  the  subsequent  surface  reaction. 
Volumetric  techniques  have  also  been  used  without  simultaneous 
recording  of  other  physical  data.  In  the  apparatus  proposed  by 
Tamaru  (97,102),  the  reactant  was  admitted  into  a  closed  circul- 
ating  system,  and  the  adsorption  calculated  from  the  pressure  and 
composition  of  the  gas  phase.  By  this  method,  Tamaru  studied  the 
decomposition  of  ammonia  on  a  tungsten  catalyst  (103),  and  Fukuda, 
Onishi  and  Tarnaru  the  decomposition  of  formic  acid  on  silver  catalysts 
(101+),  which  demonstrated  an  interesting  case  of  surface  hetero- 
geneity.  At  373  K,  the  reaction  was  found  to  be  first  order  at 
low  formic  acid  pressures  and  zero  order  in  a  medium  pressure  ranee, 
.  corresponding  to  an  apparent  "saturation"  of  active  sites.  On 
further  increase  of  the  pressure,  ho,.,:  ever,  it  was  found  that  adsorp- 
tion  once  again  increas9d  and  the  reaction  rate  rose  linearly  with 23 
the  increased  surface  coverage.  A  second  point,  of  equal  interest, 
was  the  comparison  made  between  the  experimental  value  obtained  for 
the  number  of  active  centres,  and  that  calculated  by  the  Transition 
State  Theory  of  Glasstone,  Laidler  and  Eyring  (72),  as  discussed  in 
Section  1.3.  The  calculated  value  of  1.8  x  1015  sites  cm-2  compares 
remarkably  well  with  the  experimental  value  of  3.1  x  1014  sites  cm-2 
at  373  K. 
Haering  and  Syverson  have  recently  developed  a  rapid  response 
pressure  transducer  technique  for  volumetric  studies  of  adsorption 
under  reaction  conditions  (105).  They  studied  the  dehydration  of 
t-butyl  alcohol  over  alumina  at  195°C,  and  the  adsorption  of  water, 
isobutylene  and  binary  tiiater/t-butyl  alcohol  mixtures.  The  results 
obtained  were  interpreted  in  terms  of  physi-  and  chemisorbed  water  on 
their  catalyst,  the  water  adsorption  on  active  sites  inhibiting  the 
t-butyl  alcohol  adsorption.  The  method  described  is  limited  to 
cases  where  the  rate  of  surface  reaction  is  slower  than  the  rate  of 
adsorption,  as  the  adsorption  measurement  relies  on  a  slow  pressure 
change  due  to  reaction. 
The  retention  time  of  a  sample  on  a  gas  chromomato6raphic  column 
represents  a  further  means  of  measuring  adsorption  (see,  e.  g.  106). 
The  technique  can  be  further  extended  by  studying  reactions  which 
are  catalysed  by  the  adsorbent,  the  reactant(s)  baing  passed  through 
the  column  either  in  an  inert  carrier  flow  (e.  g.  for  a  decomposition 
or  isomerisation  reaction)  or  in  a  flow  of  one  of  the  reactants 
(e.  g.  hydrogen  for  a  hydrogenation  reaction).  The  retention  tine 
on  the  catalyst  (column  packing)  can  thus  be  measured  during  reaction, 
leading  to  a  value  for  the  reactant  adsorption.  The  technique  was 
first  used  by  Tamaru  who  studied  formic  acid  decomposition  on  a 
palladium  catalyst  (107),  and  Nakanishi  and  Tamaru  (108)  in  their 
investi,;  ation  into  the  mechanism  of  the  water  ,,  as  -  shift  reaction 
on  an  iron  catalyst.  Iii  this  study  it  was  shown  that  the  properties 
of  the  catalyst  surface  in  its  working  state  undergo  appreciable 
changes,  depending  upon  the  composition  of  the  reacting  gas  (a  mixture 
of  oxidising  and  reducing  agents). 24 
Further  applications  of  the  chromatographic  method  include  those  of 
Bassett  and  Habgood  (109),  who  derived  the  extent  of  adsorption 
under  reaction  conditions  and  the  surface  rate  constant  for  the 
isomerisation  of  cyclopropane  on  a  molecular  sieve,  and  Owens  and 
Amberg  (110),  who  studied  the  hydrosulphurisation  of  thiophene 
over  aihromia  catalyst. 
An  interesting  variation  on  the  chromatographic  technique  has 
been  introduced  by  Phillips  et  al.  (111,112,113).  For  a  reaction 
in  which  the  reactants  are  more  strongly  adsorbed  than  the  products, 
the  product  peak  generally  has  a  sharp  front,  but  gradually  tails 
into  the  reactant  peak.  If  the  flow  of  carrier  as  is  stopped 
for  a  short  interval  of  time  compared  with  the  length  of  the  product 
peak,  while  tl,  e  reactant  pulse  is  still  in  the  catalyst  coluran, 
peaks  appear  superimposed  on  the  main  product  peak  when  the  flow 
is  resumed,  one  for  each  product  present.  From  the  duration  of  the 
pause  and  the  size  of  the  peaks  so  produced,  a  direct  measure  of  the 
reaction  rate  may  be  obtained  for  the  individual  products. 
The  direct  monitoring  of  adsorption  during  catalysis  is  possible 
by  the  use  of  radiotracer  and  infra-red  techniques.  In  addition 
to  the  studies  mentioned  in  section  1.4.,  Lawson  has  investigated 
the  adsorption  and  decomposition  of  carbon-14  labelled  formic  acid 
on  epitaxially  grown  silver  films  (ilk).  In  this  case,  a  detailed 
tracer  analysis  did  not  show  a  direct  relationship  between  adsorption 
and  catalysis. 
Fahrenfort,  van  Icijen  and  Sachtler  used  a  kinetic  infrared 
technique  to  study  the  decomposition  of  formic  acid  on  nickel  and 
Gold  catalysts  (115).  They  were  able  to  follow  the  decomposition 
kinetics  by  observation  of  the  formate  adsorption  band  at  1575  cm-1 
on  the  nickel  catalyst.  Interpretation  of  the  overall  rate  as 
measured  from  the  as  composition  was  poscible  in  terms  of  the 
directly  observed  surface  species. 
Sheppard,  Avery,  Aiorrow  and  Young  (116),  atte,  apted  to  identify 
the  active  species  adsorbed  on  silica  supported  platinum  for  the 
hydrogenation  of  ethylene  under  flowinG  reaction  conditions  by 
infrared  spectroscopy.  The  results  obtained  were  interpreted  in L/ 
terms  of  diffusion  limitation-of  the  reaction  rate  due  to  the 
tipressed  disc"  form  of  the  catalyst  sample.  In  a  study  of  this 
type,  it  is  necessary  that  the  rate  be  controlled  by  the  surface 
reaction  to  maximise  the  number  of  possibly  transient  active 
species  and  so  facilitate  detection,  apart  from  the  desire  to 
observe  the  catalyst  working  under  optimum  conditions. 
Tetenyi,  Babernics,  Guczi  and  Schachter  used  a  kinetic 
analysis  to  determine  the  adsorption  of  hydrogen,  cyclohexane, 
benzene,  isopropanol  and  acetone  on  the  catalytically  active  part 
of  a  nickel  surface  (50).  It  was  suggested  on  the  basis  of  bond 
strength  value  that  the  catalytic  reactions  studied  "select"  the 
most  active  part  of  the  surface.  Support  for  this  theory  was 
obtained  by  studies  of  ethylene  hydrogenation  in  the  presence  of 
preadsorbed  hydrogen. 
The  nature  of  a  particular  catalysed  reaction  may,  on  occasion, 
present  a  means  of  simultaneously  studying  adsorption.  The  decompos- 
ition  of  germane  or  germanium  has  been  studied  by  Tamaru  and  Boudart 
(117)  by  a  technique  involving  rapid  cooling  of  the  reaction  system 
to  "freeze"  the  state  of  the  catalyst,  and  the  subsequent  analysis  ' 
of  the  desorbed  products  at  elevated  temperatures.  The  method  was 
applicable  in  this  case  due  to  the  activated  and  reversible  adsorption 
of  hydrogen  on  the  germanium  surface.  Apel'baum  and  Temkin  (118) 
succeeded  in  measuring  the  fugacity  of  adsorbed  hydrogen  by  the  use 
of  a  very  thin  palladium  film  through  which  hydrogen  was  allowed  to 
diffuse. 
In  conclusion,  two  general  points  may  be  made  concerning  the 
examples  of  the  concomitant  study  of  adsorption  and  catalysis  dis- 
cussed  in  this  section.  Firstly,  the  number  of  successful  studies 
published  to  date  is  small,  largely  due  to  the  difficulties  surrounding 
such  work  on  all  but  the  simplest  catalytic  systems.  Secondly,  those 
studies  whicii  have  proved  successful  have  yielded  useful  information 
about  the  specific  cheriical  systems  investisated,  and  in  some  cases, 
heterogeneous  catalysis  in  General.  None  of  the  techniques  described 
appear  to  be  of  universal  application,  and  therefore  a  greater  range, 
or  a  technique  of  greater  flexibility  is  necessary  before  this  type  of 
study  can  become  a  normal  part  of  the  invocti&ation  of  a  catalytic 
system. 26 
2.3. 
_ 
The  Occupancy  Principle 
The  problem  of  finding  a  satisfactory  mathematical  description 
for  the  behaviour  of  radiotracers  in  a  heterogeneous  flow  system 
has  been  of  greater  interest  to  biologists  than  chemists.  Before 
proceeding  to  its  possible  applications  to  catalysis,  it  will,  there- 
fore,  be  appropriate  to  give  a  brief  description  of  some  biological 
work  in  this  field.  A  more  comprehensive  discussion  of  the  basic 
mathematical  theory,  derived  initially  from  these  studies,  will  be 
given  in  appendix  II. 
In  1961,  Bergner  formulated  his  theory  of  "Tracer  Dynamics" 
(119,120)  in  an  attempt  to  provide  a  comprehensive  treatment  for 
studies  of  the  movement  of  labelled  molecules  in  biological  systems. 
It  was  found  that  only  rarely  could  this  movement  be  regarded  as 
representative  of  the  "mother  substance",  or  set  of  chemical  species 
of  which  the  tracer  molecules  are  part.  The  model  used  by  Bergner 
in  his  analyses  was  that  of  an  organ  'of  the  body  through  which  passes 
a  flow  of  blood  carrying  metabolites  with  certain  residence  times  in 
different  parts  of  the  organ.  The  result  of  greatest  experimental 
importance  was  produced  in  a  further  paper  (121),  where  a  time 
statistical  approach  was  adopted.  It  was  shown  that  properties 
of  the  system  such  as  flow  rate  and  amount  of  "mother  substance" 
in  the  organ  could  be  related  to  time  averaged  behaviour  of  the 
tracer. 
In  1968,  Orr  and  Gillespie  (122),  published  their  "Occupancy 
Principle",  derived  from  Bergner's  time  statistical  approach,  ºrith 
a  view  to  experimental  use.  A  similar  model  was  chosen,  with  a 
pulse  of  tracer  metabolite  being  injected  into  the  blood  flow  before 
the  organ,  and  the  activity  of  the  organ  and  effluent  blood  flow 
monitored  with  time.  The  "Occupancy",  0,  for  any  part  of  the 
system  was  defined  as  the  total  integral  with  respect  to  time  of 
the  fraction  of  the  total  tracer  dose,  f(t),  present  in  that  part 
of  the  system  after  time  t: 
9=f 
CM 
f(t)dt  Equation  2.1. 
o fl7 
A  more  meaningful  terminology  for  the  symbol  0  was  used  by 
Bergner  (121,123),  the  "tracer  time  of  sojourn"  in  that  part  of 
the  system.  The  "Capacity"  C,  of  the  part  of  the  system  under  - 
study,  is  defined  as  the  quantity  of  "mother  substance"  (not  neces- 
sarily  tracer)  that  is  in  that  part  at  all  times,  the  "mother 
substance"  moving  through  the  system  with  a  constant  flow  rate,  F. 
The  Occupancy  Principle  states  that  for  a  rheostatic  (constant 
flow)  system,  the  ratio  of  occupancy  to  capacity  is  the  same  for  all 
parts  of  the  system,  and  equals  the  reciprocal  of  the  entry  flow. 
J..  e.  0=1 
Equation  2.2. 
F 
(To  avoid  confusion  with  the  accepted  notation  in  catalysis  liter- 
ature,  the  occupancy  will  henceforth  by  designated  Y  ). 
A  subsequent  series  of  studies  were  carried  out'by  Orr  et  al., 
in  which  the  Occupancy  Principle  was  applied  to  problems  concerning 
the  estimation  of  thyroid  iodine  (124),  the  prediction  of  a  radio- 
active  dote  due  to  an  internal  radioisotope  (125),  estimation  of 
individual  drug-dosage  regimens  (126),  and  a  model  for  thyroxine 
metabolism  (127). 
Let  us  now  consider  the  Occupancy  Principle  in  more  detail,  with 
respect  to  a  flow  of  reactant  gas  over  a  catalyst  bed,  a  system  in 
certain  respects  analagous  to  a  flow  of  blood  through  an  organ. 
Sich  a  system  is  illustrated  schematically,  in  figure  2.1  where  a 
constant  flow  of  reactant  gag  passes  over  the  catalyst  in  chamber  A, 
and  the  radioactivity  of  the  catalyst  and  g&e  is  monitored  by 
detector  A.  The  gas  flow  then  passes  through  a  second  chamber  B, 
where  the  radioactivity  of  the  effluent  gas  is  monitored  by  detector  B. 
If  at  time  zero,  a  pulse  of  radiotracer  is  injected  into  the  reactant 
flow  at  I  as  in  figure  2.  l,  such  that  the  quantity  of  tracer  is 
negligible  compared  with  that  in  the  reactant  flow,  count  rate 
versus  time  curves  would  be  expected  from  the  two  detectors  of  the 
type  shown  in  figure  2.2. 
A  number  of  important  points  may  be  made  concerning  the  Occupancy 
Principle  and  its  application  to  a  system  of  this  typo,  viz: 23 
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(1)  Equation  2.2  is  independent  of  the  number  of  phases  present 
in  each  compartment,  and  the  mean  lifetime  of  a  tracer  molecule  in 
each  phase. 
(2)  The  choice  of  a  "chamber"  is  arbitrary,  provided  there 
exists  a  net  through-flow  of  molecules  equal  to  the  total  flow  rate  F. 
(3)  The  net  flow  rate  and  capacity  may  be  defined  in  any 
suitable  units  (normally  molecule  s-1  and  molecule  will  be  used 
respectively),  but  should  be  defined  in  terms  of  the  "mother  sub- 
stance",  which  in  this  case  includes  reactant,  product  and  surface 
intermediates.  In  general,  the  "mother  substance"  is  that  group  of 
chemical  species  of  which  labelled  molecules  may  at  any  time  form  a 
part. 
(4)  The  count  rates  used  in  the  application  of  bquations 
2.1  and  2.2  must  be  the  total  count  rate  for  each  chamber,  i.  e., 
the  difference  in  counting  efficiencies  for  different  phases  must 
be  taken  into  account. 
(5)  A  compartment  may  be  subdivided,  as  for  example  Chamber  A 
of  figure  2,  where  the  gas  phase  and  adsorbed  phase  are  divided, 
having  respective  capacities  CS  and  C.  If  it  Was  assumed  in 
this  case  that  each  adsorbed  molecule  reacted,  desorbed  and  was 
not  readsorbed,  then  the  "flux"  of  molecules  through  the  adsorbed 
phase,  f  (see  appendix  II),  could  be  equated  to  the  reaction  rate. 
If  the  mean  adsorbed  lifetime  is  given  a  value,  Ts,  then  Equation  2.2 
can  be  used  to  give: 
Ts  =1  Equation  2.3 
Cc  f 
(6)  If  the  two  chambers  of  capacities  CA  and  CB  have  respective 
occupancies  TA  and  TB  we  may  write: 
TA  =1=  TB  Equation  2.4 
CA  F  Cý 
since  te  total  flow  rate,  F,  is  the  same  for  both  chambers. 
Thus,  if  values  are  known  for  the  occupancies  of  chambers  A  and  B, 
and  the  capacity  of  chamber  B,  a  value  may  be  calculated  for  the 30 
capacity  of  chamber  A.  Equation  2.4  is  of  obvious  importance  in 
cases  where  a  value  of  F  is  not  readily  available. 
A  practical  difficulty  arises  when  one  considers  how  a  value  of 
TA  may  be  calculated.  Detector  A  is  required  to  monitor  both  adsorbed 
and  gas  phases,  but  the  counting  efficiencies  for  these  phases  will 
depend  on  the  geometry  of  the  system  and  the  relative  densities  of 
gas  and  catalyst.  Since,  however,  the  relative  mean  gas  phase 
lifetimes  in  chambers  A  and  B  will  depend  solely  on  their  volumes, 
it  should  be  possible  to  find  a  proportionality  factor  such  that  the 
number  of  disintegrations  occurring  in  the  gas  phase  of  A  can  be 
determined  from  the  number  of  counts  collected  by  detector  B.  Once 
this  value  is  obtained,  the  number  of  counts  arising  from  the  adsorbed 
phase  may  be  calculated  by  difference.  Using  individual  values  for 
counting  efficiencies  from  the  gas  and  adsorbed  phases,  a  total  value 
for  the  number  of  disintegrations  may  be  obtained,  and  hence  a  value 
of  the  capacity  of  chamber  A  by  equations  2.2  or2.4.  To  obtain  the 
capacity  of  the  adsorbed  phase,  this  must  be  separated  from  that  of 
the  gas  phase  of  the  chamber  with  a  known  capacity  value  for  the 
latter. 
In  (4)  above,  we  noted  that  the  application  of  the  Occupancy 
Principle  equation  must  be  to  the  chamber  as  a  whole.  As  will  be 
shown  in  appendix  II,  however,  it  is  possible  to  use  a  modified 
version  of  the  Occupancy  Principle  to  apply  to  a  specific  section 
of  the  chamber.  For  the  adsorbed  phase: 
Cc  =F  Ic  Equation  2.5, 
D 
where  Ic  is  the  total  number  of  disintegrations  occurrinG  on  the 
catalyst  durinG  the  experiment,  and  D(s-l)  is  the  total  activity 
of  the  tracer  dose  used.  Although  this  equation  may  superficially 
resemble  that  for  the  Occupancy  Principle,  F  and  D  relate  to  the 
system  as  a  whole,  whereas  IC  relates  only  to  the  adsorbed  phase. 
the  calculation  of  the  capacity  of  the  adsorbed  phase  is  therefore 
considerably  simplified. ý1 
':  that  information  then,  of  interest  in  catalysis,  can 
be  obtained  from  such  a  system  as  described  above?  A  value 
of  the  capacity  of  the  adsorbed  phase  will  give  the  total 
number  of  exchangeable,  reactant  and  product  molecules  adsorbed 
during  the  reaction.  This  measure  of  adsorbed  species  takes 
no  account  of  their  chemical  nature,  and  without  further  evidence 
could  not  be  equated  to  the  number  of  molecules  adsorbed  on 
active  sites. 
The  occupancy,  or  mean  lifetime  of  the  adsorbed  species 
cannot  be  calculated  directly.  If  the  assumption  is  made, 
for  example,  that  every  reactant  molecule  adsorbs  only  once 
and  then  is  desorbed  as  product,  the  required  mean  lifetime 
may  then  be  calculated  (see  appendix  II,  equation  II.  7). 
This  situation  arises  due  to  the  applicability  of  the 
Occupancy  Principle  only  to  the  complete  chambers  where 
these  are  heterogeneous.  As  will  be  shown  in  the  following 
section,  this  difficulty  may  be  overcome  by  the  application 
of  a  time  based  approach,  and  analysis  of  the  count  rate 
versus  time  curve. 32 
2.4.  Time  dependent  tracer  method 
In  the  Occupancy  Principle,  we  were  concerned  with  the  time 
averaged  behaviour  of  molecules  reacting  in  a  catalytic  flow  system. 
We  now  wish  to  examine  a  technique  based  primarily  on  the  desorption 
kinetics  of  a  labelled  molecule  from  a  catalyst  in  a  similar  flow 
system. 
Consider  a  constant  flow  system  as  illustrated  in  figure  2.1., 
where  a  constant  flour  of  radiotracer  reactant  passes  over  the  catalyst 
bed  in  chamber  A.  If  the  reactant  flow  is  abruptly  changed  to  an 
equal,  but  non-radioactive  reactant  flow,  a  desorption  curve  for  the 
radioactive  adsorbed  species  (or  count  rate  versus  time  curve)  would 
be  anticipated  as  in  figure  2.3.  It  should  be  noted  that  this  change 
from  radioactive  to  inactive  reactant  involves  no  change  in  the 
chemical  nature  of  the 
system. 
Assuming  that  only  one  type  of  labelled  adsorbed  species  is 
present,  or  several  rapidly  interchangeable  species,  a  probability 
may  be  assigned  to  the  desorption  of  any  individual  tracer  molecule 
in  unit  time,  regardless  of  the  order  of  the  desorption  reaction. 
This  probability  can  be  equated  to  the  turnover  number  of  the 
surface  species,  X,  and  in  the  case  of  a  facile  reaction  for 
which  every  adsorption/reaction  site  is  equivalent,  it  may  in  turn 
be  equated  to  the  turnover  number  per  site  for  the  reaction.  The 
rate  of  desorption  of  tracer  will  be  Given  by  the  product  of  the 
turnover  number  and  the  number  of  adsorbed  tracer  molecules  (n) 
at  unit  time  t,  i.  e.: 
-dn  _A  dt  n  -  Equation  2.6 
Since  the  count  :  ate  observed  from  the  catalyst  at  time  t(x)  is  pro- 
portional  to  the  number  of  tracer  molecules  adsorbed,  we  may  write: 
-dx 
_Ax  Equation  2.  Ft  7 
Into-rating:  lnx  Xt+  lnxo  Equation  2.8 
The  turnover  number  obtained  from  a  plot  of  lnx  aUainct  time 
may  be  used  to  calculate  a  value  for  the  number  of  adsorbed,  ex- 
cºian6eable  molecules,  Cc, 
Cc 
froi  the  relation: 
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where  r  is  the  reaction  rate.  This  relationship  has  been  used  in  the 
calculation  of  specific  rate  constants  where  a  number  of  active  sites 
has  been  assumed  (4,5).  Equation  2.9  can  also  be  interpreted  in 
terms  of  the  Occupancy  Principle,  where  X  is  the  reciprocal  of  the 
mean  surface  lifetime,  and'r  corresponds  to  the  flux  of  molecules 
through  the  adsorbed  phase.  Assuming  that  a  value  for  the  reaction 
rate  is  attainable,  Cc  may  be  calculated. 
In  principle,  the  number  of  adsorbed  molecules  night  be  calculated 
from  the  count  rate  before  the  introduction  of  the  unlabelled  reactant 
flow.  In  practice,  this  may  be  difficult  if  uncertainty  exists  as 
to  the  precise  countinü  efficiency.  Another  difficulty  which  might 
arise  in  this  type  of  experiment,  is  the  detection  of  gas  phase 
disintegrations  .  concurrent. 
. 
with  those  from  the  adsorbed  phase. 
As  in  the  Occupancy  Principle  experiment,  these  counts  may  be  com- 
pensated  for  by  the  use  of  a  second,  gas  counting  chamber,  B. 
Although  the  discussion  has  so  far  been  concerned  with  de- 
sorption  kinetics,  the  same  principles  may  be  applied  to  the  ad- 
sorption  process  in  the  type  of  experiment  for  which  a  count  rate 
versus  time  plot  is  illustrated  in  figure  2.4.  Here  a  rectangular 
pulse  of  radiotracer  reactant  is  inserted  into  the  flow  of  inactive 
reactant,  and  the  count  rate  rises  to  a  maximum  xA  at  time  tA. 
Equation  2.6  may  be  modified  to  yield  the  adsorption  equation: 
-d  x-  x)  -X  (xA  -  x)  Equation  2.10 
dt 
The  kinetic  equations  given  so  far  can  only  strictly  be  applied 
to  an  ideal  system,  i.  e.  one  in  which  only  one  type  of  adsorption/ 
desorption  process  occurs.  For  a  surface  with  adsorption  sites  of 
differing  types  or  energies,  a  more  complicated  kinetic  scheme  may 
be  expected.  It  should  also  be  noted  that  for  an  experiment  of 
the  type  shown  in  figure  2.4,  the  Occupancy  Principle  can  also  be 
applied,  since  the  roquireoents  regarding  constant  flow  and  chemical 
composition  are  satisfied.  The  analysis  of  tracer  desorption  should, 
however,  yield  more  information  if  more  than  one  typo  of  process  is 
found  to  occur. . 
X7 
Much  of  the  foregoing  treatment  may  be  applied  in  certain 
circumstances  to  a  non-constant  flow  experiment,  i.  e.,  one  in  which 
a  pulse  of  tracer  reactant  is  passed  over  the  catalyst  in  a  flow  of 
carrier  gas.  Here,  however,  the  order  of  the  desorption  process 
will  be  of  primary  importance,  and  one  may  find  that  the  desorption 
kinetics  vary  with  the  fall  in  surface  coverage.  While  the  inter- 
pretation  of  such  desorption  curves  might  prove  difficult,  they 
may  contain  more  information  about  detailed  surface  processes. 
In  the  present  study,  it  was  decided  to  utilise  both  the 
Occupancy  Principle  and  the  time  dependent  methods  in  investigating 
catalytic  systems.  The  chemical  systems  chosen  for  these  studies 
will  be  discussed  in  the  next  chapter.  At  this  point,  it  may  be 
expected  that  constant  flow  conditions  wculd  be  difficult  to 
implement  experimentally,  due  to  the  heat  liberated  in  the  catalyst 
bed  and  the  consequent  tempeiature  instability,  particularly  in 
rapid  reactions.  The  necessity  might  be  envisaged  to  use  pulsed 
flow  conditions,  in  spite  of  the  greater  complexity  in  interpreting 
the  results  obtained. C  11  APTERj 
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Chapter  3. 
Choice  of  Reaction  Syrstems. 
3.1.  General  remarks. 
In  the  previous  chapter,  two  new  dynamic  radiotracer  methods 
were 
diecusced  for  the  concomitant  study  of  adsorption  and  catalysis. 
In  order  to  test  these  methods,  it  was  first  necessary  to  choose 
appropriate  reaction  systems.  Some  general  principles  governing 
this  choice,  mostly  of  a  practical  nature,  may  be  laid  down  as 
follows: 
(a)  The  catalyst  for  the  reaction  chosen  should  be  a  supported 
metal.  The  values  of  site  densities  collected  by  Naatiran  (52) 
indicate  that  higher  concentrations  of  active  species  should  be 
observed  on  such  surfaces  than  for  example  on  non-metallic  catalysts. 
This  consideration  combined  with  the  hijh  surface  area  of  a  supported 
metal  compared  with  an  evaporated  metal  film  or  single  crystal  should 
optimise  the  detection  of  active  species. 
(b)  The  supported  metal  should  be  easily  reduced  under  low 
temperature  conditions.  This  limitation  was  imposed  by  the  nature 
of  the  radiotracer  counting  systems  employed  (see  chapter  4),  and 
the  difficulty  of  performing  high  temperature  reductions  in  such 
a  system.  A  noble  metal  catalyst  is  therefore  indicated. 
(c)  The  reaction  rate  should  be  convenient  for  study  at,  or  near, 
room  temperature  to  avoid  the  difficulties  outlined  in  (b)  above. 
(d)  The  reactant  chosen  should  be  readily  available  comriiercially 
with  carbon-14  labelling  to  avoid  the  problems  of  a  necessarily  small 
scale  synthesis  with  radioactive  materials. 
The  two  systems  chosen  for  study,  the  hydrogenolysis  of  chloro- 
benzene  and  the  hydrogenation  of  ethylene,  will  be  discussed  in  the 
remaining  sections  of  this  chapter. 
3.2.  The  hvaro!,  enolysis  of  chlorobenzene. 
This  reaction  was  initially  chosen  as  a  test  syctem  for  the 
Occupancy  rrinciile  method,  primarily  because  of  the  simplicity  of 
the  apparatus  required. 
The  overall  reaction  may  be  written  as 
C6H5C1  +  11 
2  -3  C6116  +  HC1 37 
and  is  readily  catalysed  by  palladium,  platinum  and  rhodium. 
Hasbrouck  (128)  studied  the  liquid  phase  reaction  (in  ethanol 
solution)  over  palladium-,  platinum-  and  rhodium-on-carbon  catalysts, 
at  room  temperature  and  atmospheric  pressure,  with  and  without  the 
addition  of  base.  Palladium  was  found  to  be  the  most  active  metal 
under  all  conditions,  the  relative  activities  of  platinum  and 
rhodium  varying  according  to  the  reaction  conditions  employed. 
In  this  type  of  reaction  the  halogen  is  normally  removed  without, 
or  prior  to,  reduction  of  the  aromatic  ring  (129). 
Of  the  tLiree  metals  used  by  Hasbrouck  (128),  palladium  appears 
to  be  best  suited  to  a  study  of  the  hydroZ;  enolysis  reaction.  The 
activity  of  all  three  metals,  supported  on  silica,  was  determined 
by  Schuft  and  van  :;  eijen  for  the  hydrogenation  of  benzene  (4), 
palladium  having  the  lowest  activity  for  this  reaction.  The 
combination  of  highest  activity  for  hydrogenolysis  and  minimum 
activity  for  hydrogenation  should  result  in  fewer  complications  in 
the  system  du.  e  to  secondary,  possibly  competitive,  processes. 
Indeed,  in  studying  the  deuterium/chlorobenzene  reaction  over 
palladium  films  (273-323K,  1.23  torr  chlorobenzene,  24.6  torr  hydrogen), 
Harper  and  Kemball  (130)  found  the  hydrogenolysis  reaction  to  pre- 
dominate,  although  come  evidence  was  observed  for  further  decomposition 
of  the  product  benzene  in  the  latter  stages  of  the  reaction. 
Kraus  and  Bazant  (131)  investigated  the  hydrogenolysis  of  various 
substituted  halogeno-benzenes  in  a  constant  flow  reactor  at  473K  over 
a  palladiuia-on-charcoal  catalyst.  For  the  chiorobenzene  hydrogenolysis 
high  specificity  was  again  observed  and  an  empirical  rate  equation,. 
thought  to  be  a  reduced  form  of  a  more  complicated  expression,  was  given: 
ok 
kýp(pH  ) 
2-  0  J. 
ý: 
ý(pii)`  +  k2(pH)z 
where  r0  =  initial  reaction  rate 
p°  initial  chlorobenzene  partial  pressure 
p0  =  initial  hydrogen  partial  pressure  11 33 
Rate  deterriinin,;  steps  with  chlorobenzene  reactinG  from  the 
gc  phase  with  adi;  orbud  üy  drogen,  or  reaction  between  the  two  adsorbed 
species  were  equally  able  to  account  for  the  observed  kinetics. 
By  correlating  the  observed  reaction  rates  for  the  different 
substituted  halogono-benzenes  with  the  Hammett  equation  (132),  the 
reaction  was  deduced  to  occur  by  a  nucleopiiilic  substitution.  The 
relative  activities  of  the  halogeno-benzenes  and  analogy  with  the 
homogeneous  hydride  reaction  supported  this  view.  The  mechanism 
was  further  deduced  to  be  bimolecular,  no  halogen  exchange  being 
observed.  The  concept  of  a  negatively  polarised  adsorbed  hydrogen 
atop  has  been  discussed  by  Horiuti  and  Toya  (133),  Parravano  (134) 
and  I3astl  (135).  The  last  mentioned  author  measured  the  Hall  effect 
for  hydrogen  adsorbed  on  thin  palladium  films  and  interpreted  his 
results  in  terns  of  positively  and  negatively  charged,  adsorbed 
hydrogen. 
The  deuterium/p-chlorotoluene  reaction  was  found  to  yield  only 
one  product,  p-monodeuterotoluene,  and  no  simultaneous  deuterium 
exchange  with  the  reactant.  This  result  is  in  agreement  with  the 
deuterium/chlorobenzene  studies  of  Harper  and  Kemball  (130).  Kraus 
and  Bazant  (131)  suggested  that  the  hydrogenolysis  reaction  involves 
only  the  Cl-C  bond,  adsorption  occurring  via  a  chlorine-metal  charge- 
transfer  chemisorptive  bond,  of  the  type  proposed  by  Matsen,  Malarides 
and  Hackermann  (136)  and  Garnett  and  Sollich-BaumGartner  (137). 
A  preliwinary  study  of  the  system  in  which  pulses  of  chloro- 
benzene  -  C14  were  passed  over  a  palladium-on  -silica  catalyst  in 
hydrogen  flow  (138)  had  shown  that  adsorption  was  easily  detectable 
in  the  type  of  system  envisaged  for  the  present  study.  An  additional 
circumstance  favouring  this  reaction  for  study  was  the  production  of 
hydrogen  chloride  during;  reaction.  As  I12PtC16  was  used  in  the 
catalyst  preparation,  traces  of  chlorine  remaining  after  reduction 
might  have  le,  s  importance  than  in  other  reactions. 
Taking  all  the  above  considerations  into  account,  the  hydroÜen- 
olysis  of  chlorobenzene  over  a  palladium-on-silica  catalyst  appeared 
to  be  a  suitable  system  for  further  preliminary  investigation. 39 
The  hydrog"enation  of  ethylene. 
Since  the  discovery  of  the  metal  catalysed  hydrogenation  of 
et,  iylene  to  ethane  by  Sabatier  and  Sanderens  in  1897  (139),  many 
attempts  have  been  made  to  ascertain  the  reaction  mechanism.  The 
sumwary  of  previous  studies  over  nickel  catalysts  given  by  Koestenblatt 
and  Ziegler  (7.40)  illustrates  the  extent  of  this  work,  but  in  spite 
of  the  vast  quantity  of  frequently  conflicting  data  available, 
definitive  results  have  not  been  achieved.  The  three  basic, 
alternative  mechanisms  for  the  reaction  may  be  set  out  as  follows: 
L.  H.  An  adsorbed  ethylene  molecule  reacts  with  an  adsorbed 
hydrogen  molecule. 
RI.  An  adsorbed  ethylene  molecule  reacts  with  a  hydrogen 
molecule  from  the-gas  phase. 
RII.  An  adsorbed  hydrogen  Molecule  reacts  with 
. 'a 
gaseous 
ethylene  molecule. 
The  desiGnations  of  the  above  mechanisms,  L.  H.,  RI  and  RII  are 
those  of  Laidler  and  Townshend  (141).  The  L.  H.  type  of  mechanism 
was  first  postulated  by  Langmuir  (142)  and  subsequently  applied  to  a 
variety  of  reactions  by  Hinshelwood  (143),  and  has  since  become  known 
as  the  Lanemuir-:  iinshelwood  mechanism.  Mechanisms  of  the  type  RI 
and  RII  were  also  discussed  by  Langmuir  (142)  and  later  by  Rideal 
(144),  frequently  being,  designated  kideal-Eley  mechanisms. 
Some  of  the  previous  studies  on  the  hydrogenation  of  ethylene 
and  the  conclusions  drawn  will  be  described  later  in  this  section. 
It  is  however  obvious  from  the  mechanics  outlined  above,  that  a 
knowledge  of  the  extent  of  adsorption  of  ethylene  during  the  reaction 
which  is  subsequently  hydrogenated  would  be  of  value  in  elucidation  of 
the  mechanism.  FollowinG  the  studies  of  chlorobenzene  hydroGenolysis, 
it  was  therefore  decided  to  examine  this  reaction  by  the  time  dependent 
radiotracer  method  described  in  the  last  chapter. 
Previous  studies. 
From  the  kinetic  data  available  in  the  literature,  there  are 
few  points  of  general  aüreeinent,  excepting  the  order  of  the  reaction 
with  respect  to  hydrogen,  normally  found  to  be  unity,  and  the  energy. 
of  activation,  usually  found  to  be  less  than  60  I:  J  :.  tog- The  value  obtained  for  the  order  with  respect  to  ethylene  are  usually 
less  than  0.1.  The  precise  value  of  this  order  is  of  obvious 
importance  since,  particularly  for  the  L.  ii.  mechanism,  the  ethylene 
pressure  should  have  some  effect  on  the  reaction  rate  over  a  wide 
range  of  pressures. 
In  the  studies  of  Pease  (145)  with  copper  catalysts,  Farkas  and 
Farkas  (146)  on  platinum  wire  and  Toyama  (147)  on  powdered  nickel, 
increasing  ethylene  pressure  was  found  to  have  an  adverse  effect  on 
the  reaction  rate.  Other  investigators,  such  as  zur  Strassen  (148) 
and  Twigg  and  Rideal  (11+9,150)  with  nickel  wire,  Beeck  (151),  Jenkins 
and  Rideal  (152)  and  Kemball  (153)  with  evaporated  metal  films,  found 
that  the  reaction  was  zero  order  in  ethylene.  Laidler  and  Townshend 
(141)  explained  this  inconsistency  in  terms  of  the  precise  experi- 
mental  conditions.  They  found  that  over  nickel  and  iron  films  the 
initial  rate  of  reaction  depended  on  the  order  of  introduction  of 
the  reactants,  being  faster  on  prior  introduction  of  hydrogen  and  a 
factor  of  three  times  slower  with  ethylene  admitted  first.  When 
both  reactants  were  admitted  simultaneously,  an  intermediate  initial 
rate  was  obtained,  and  at  later  times  in  the  reaction,  approximately 
equal  rates  wore  observed  regardless  of  the  order  of  introduction. 
These  observations,  taken  in  conjunction  with  the  activation  energies 
found  under  different  methods  of  introduction  of  reactants  (32.6  kJ  mol-1 
for  simultaneous  introduction  and  41.8  k.  J  mol-1  for  prior  ethylene 
admission)  and  the  analysis  of  the  time  courses  of  the  reaction  led 
to  an  inter  üretation  in  terms  of  two  alternative  :  iechanisms.  It  was 
postulated  that  with  hydrogen  admitted  first  and  covering  the  metal 
surface,  the  RII  mechanism  predominated  initially,  but  as  ethylene 
was  slowly  adsorbed,  an  equilibrium  was  reached  where  the  L.  H.  mechanism 
predominated.  With  prior  admission  of  ethylene  or  simultaneous 
admission,  the  reaction  was  assumed  to  proceed  primarily  by  the  L.  H. 
: mechanism  throuihout  its  time  course. 
Jenkins  and  Rideal  (152)  had  demonstrated  the  formation  of 
"acetylenic"  species  on  the  surface  of  a  nickel  film  during  ethylene 
adsorption.,  and  suggested  that  since  these  species  were  hydrogenated 
too  slowly  to  take  part  in  the  normal  ethylene  hydrogenation,  this 41 
reaction  occurred  by  the  RII  mechanism  on  isolated  sites  remaining 
after  acetylenic  complex  formation.  This  complex  formation  was  also 
suggested  as  the  cause  of  the  adverse  effect  of  ethylene  on  the 
reaction  rate  observed  in  some  studies.  Kemball  (153)  found, 
however,  that  during  the  exchange  reaction  of  deuterium  with  ethylene, 
there  was  an  initial  formation  of  C2HD3  and  C2D4'  showing  that  a 
transient,  dissociative  ethylene  adsorption  occurred  during  the 
hydrogenation.  Laidler  and  Townshend  (141)  took  this  as  further 
evidence  to  support  a  reaction  involving  adsorbed  ethylene. 
The  more  recent  studies  of  ethylene  hydrogenation  have  tended 
towards  constant  flow  reaction  systems  with  supported  metal  catalysts 
rather  than  the  static  systems  of  the  earlier  investigators.  Wynkoop 
and  Wilhelm  (154)  studied  the  reaction  over  e.  copper-magnesia  catalyst, 
and  Sussman  and  Potter  (155)  analysed  their  data  along  with  their  own 
results  from  propylene  hydrogenation  under  similar  conditions  in 
terms  of  the  Hougen  and  Watson  rate  equations  (156).  Using  a 
systematic  graphical  method  of  analysis  to  find  the  equation  best 
fitting  their  data,  they  concluded  that  the  most  likely  mechanism 
involved  atomically  adsorbed  hydrogen  and  adsorbed  ethylene,  i.  e.  a 
L.  H.  mechanism. 
In  their  investigation  of  the  reaction  over  nickel  on  alumina 
catalysts,  Pauly,  CominSs  and  Smith  (157)  andl:  oeEtenblatt  and  Ziegler 
(140)'  viere  unable  to  differentiate  between  the  RI  and  RII  mechanisms 
on  the  basis  of  their  rate  equations.  On  the  basis  of  the  poisoning 
effect  of  ethylene  on  the  reaction  however,  both  sets  of  authors 
concluded  that  the  RII  mechanism  was  more  probable.  They  essentially 
agreed  with  the  earlier  hypothesis  of  Jenkins  and  Rideal  (152)  that 
hydro;  en  is  adsorbed  dissociatively  on  a  certain  (probably  small) 
fraction  of  the  surface  giving  rice  to  reaction,  the  ethylene  or 
acetylenic  complex  covered  fraction  being  inactive. 
In  their_ziore  recent  study  of  ethylene  hydrogenation  over  a  nickel- 
on-alu:,:  iua  catalyst  under  constant  flow  conditions,  Koh  and  HuGhcs 
(158)  used  the  ra,  hical  method  of  analysis  and  11  ust;  txan  and  Potter 
(155)  to  derivo  three  possible  neclianisaaa  for  tie  reaction.  Of 
those  the  riechanal  involvinG  adsorbed  hydrogen  and  adýQrbed  ethylene, 
with  ethane  dezorption  ao  the  rate  controlling  step,  was  rejected  on X12 
the  basis  of  reports  of  low  hydrogen  adsorption  (149,159).  Reaction 
between  adsorbed  ethylene  and  Gas  phase  hydrogen  with  ethane  desorption 
controlling  was  rejected  on  the  grounds  that  Rideal  (152,160)  had 
shown  the  desorption  of  ethane  to  be  almost  instantaneous.  The 
remaining  mechanism,  with  reaction  between  adsorbed  ethylene  and 
gas  phase  hydrogen  as  the  rate  determining  step  (RI)  was  therefore 
adopted.  Previous  objection  to  this  mechanism  on  the  grounds  of 
the  poisoning  effect  of  ethylene  were  discarded,  as  no  change  in 
catalyst  activity  was  detected  under  their  operating  conditions. 
Earlier  studies  had  shown  unusual  variations  of  the  activation  energy 
of  the  reaction,  which  tends  to  decrease  with  rising  temperature,  in 
some  instances  becoming  negative  above  a  certain  "inversion  temperature" 
(160,161),  depending  on  the  pressure  employed.  Koh  and  Hughes  (158) 
found  that  below  408K  the  activation  energy  was  50.2  kJ  mol-l,  de- 
creasing  to  26.8  kJ  mol-l  above  this  temperature.  This  result  was 
explained  in  terms  of  low  ethylene  adsorption  at  high  temperatures 
where  the  apparent  activation  energy  would  be  lower  than  the  true 
value  by  the  heat  of  adsorption.  With  lower  temperatures  and  higher 
surface  coverage,  due  to  the  heterogeneous  nature  of  the  surface,  it 
was  argued  that  the  most  active  part  of  this  surface  for  the  reaction 
would  have  a  low  heat  of  adsorption  and  hence  the  bbserved  energy  of 
activation  would  be  the  true  value. 
Infra-red  studies  of  ethylene  adsorbed  on  supported  metal  catalysts 
have  yielded  a  considerable  amount  of  information  about  the  various 
possible  modes  of  adsorption  (162  -  166,116).  As  mentioned  briefly 
in  chapter  1,  Sheppard,  Avery,  Morrow  and  Yates  (116)  have  recently 
attempted  to  give  this  type  of  study  a  more  direct  meaning  for 
catalysis  by  studying  the  hydrogenation  of  ethylene  under  flowing 
reactant  conditions  over  a  platinum-on-silica  catalyst.  Absorption 
bands  were  observed  which  were  attributed  to  IICII2  -  CIi  1  and  IY2CH  -  Clii12, 
similar  bands"being  observed  under  static  conditions  of  ethylene 
adsorption.  On  fluchinl;  the  catalyst  sample  with  hydrogen,  both  of 
these  bands  were  fouled  to  disappear.  The  band  attributed  to 
I,  12CII  -was  reduced  in  intensity  first,  presumably  throuCh  hydro- 
genation  to  i_iCH2  -  C112I_i,  and  subsequently  to  gas  phase  ethylene.  The .,  iJ 
reaction  kinetics  observed,  however,  suggested  that  the  rate  was 
controlled  by  ethylene  diffusion  through  the  catalyst  sample  which 
was  in  the  form  of  a  "pressed-disc".  Although  the  observed  species 
appear  to  play  some  part  in  the  ethylene  hydrogenation,  the  diffusion 
controlled  kinetics  of  the  system  and  their  apparently  long  surface 
lifetime  may  indicate  that  another  mechanism  is  responsible  for  the 
greater  part  of  the  reaction. 
In  the  course  of  this  study,  only  the  "classical"  type  of  a- 
bonded  species,  suggested  by  Iioriuti  and  Polanyi  (167)  were  observed. 
There  was  no  indication  of  species  of  the  TT-  bonded  type  suggested 
by  analogy  with  hydrogenation  reactions  over  homogeneous  transition 
metal  catalysts  (168),  although  this  may  be  simply  a  reflection  of 
their  short  surface  lifetime.  More  recent  work  (169)  has  shown  an 
infra-red  adsorption  band  at  1510  cm  -1  with  a  shoulder  at  1520  cm-1 
to  occur  during;  ethylene  adsorption  on"a  palladium-on'-silica  catalyst. 
The  surface  species  responsible  for  this  band  is  labile  to  hydrogen 
and  carbon  monoxide,  and  is  slowly  removed  by  evacuation.  By  analogy 
with  the  remarkably  similar  bands  observed  by  Atkins,  MacKenzie, 
Timms  and  Turney  (170)  for  tris-(ethylene)  palladium,  the  surface 
species  was  identified  as  ethylene  w-  bonded  to  surface  palladium. 
We  may  conclude,  therefore,  that  this  may  well  be  the  primary  surface 
species  involved  in  the  hydrogenation  reaction. 
The  contribution  of  deuterium  as  a  tracer  in  the  study  of  olefin 
hydrogenation  mechanisms  over  metallic  catalysts  has  been  extensive 
and  widely  discussed  (171  -  175).  It  has  been  concluded  from  these 
studies  that  the  hydrogenation  and  deuterium  exchange  reactions  are 
closely  related,  involving  the  same  types  of  intermediateb  (173,176). 
For  the  purposes  of  the  present  study,  perhaps  the  most  important 
conclusion  was  stated  by  Bond  and  Wells  (173),  wnen  they  said  that 
it  is  clear  beyond  all  doubt  that  adsorption  of  an  olefin  precedes 
its  hydrogenation.  Viaile  the  TT-  adsorbed  olefin  was  thought  to 
be  the  active  adsorbed  inrer::  iediate  responsible  for  many  of  the  observed 
pheromena,  greater  difficulty  was  found  in  distinguishing  between 
hydrogen  reacting  from  the  adsorbed  phase  or  from  the  gas  phase. 
The  dissociation  of  the  hydrogen  molecule,  necessary  to  explain  the 1;  tß. 
observed  results  from  exchange  and  deuteration,  night  equally  well 
occur  durinG  reaction  from  the  gas  phase  with  the  adsorbed  n-  bonded 
molecule  to  give  a  a-.  bonded  alkyl  radical,  or  by  a  preliminary 
dissociative  adsorption  of  hydrogen  on  the  metal. 
The  poisoning  effect  of  certain  species  formed  by  ethylene 
adsorption  is  a  topic  of  interest  in  any  investigation  of  the  hydro- 
genation  reaction,  since  allowance  may  have  to  be  made  for  the  variable 
catalyst  activities  so  caused.  One  of  the  clearest  demonstrations  of 
the  existence  of  a  non-reactive  fraction  of  the  surface  was  by  Cormack, 
Thomson  and  Webb  (93).  They  found  that  a  certain  fraction  of  carbon-14 
labelled  ethylene,  preadsorbed  on  various  alumina  supported  metals  was 
not  removed  by  subsequent  hydrogenation,  molecular  exchange  with  non- 
radioactive  ethylene  and  evacuation.  The  proportion  of  initially 
adsorbed  ethylene  retained  was  the  same  for  each  of  these  treatments. 
In  their  study  of  the  poisoning  of  a  nickel-on-alumina  catalyst  during 
ethylene  hydrogenation,  Koestenblatt  and  Ziegler  (140)  monitored  the 
catalyst  activity  over  periods  of  days  following  various  pretreatments. 
They  found  that  the  poisoning,  assured  to  be  due  to  ethylene  complex 
formation,  depended  on  the  precise  reaction  conditions.  The  proportion 
of  the  surface  rendered  inactive  by  such  complexes  therefore  appears 
to  vary  with  the  reaction  conditions  rather  than  being  restricted  to 
the  same  fraction  of  the  metal  surface  over  a  wide  range  of  conditions. 
This  conclusion  is  in  keeping  with  the  "structure-insensitive"  or 
'?  facile',  nature  of  the  reaction  mentioned  in  section  1.3. 
In  the  case  of  a  reaction  over  a  supported  petal  catalyst, 
attention  must  be  given  to  the  possibility  of  reaction  occurring  on 
Lie  support.  The  previously  mentioned  study  of  Gardes,  Pajonk  and 
Teichner  (44)  shows  the  li:  -,  elihood  of  some  ethylene  hydrogenation 
occurring  on  an  alumina  support.  However,  Schlatter  and  Boudart's 
comparison  of  silica  and  alumina  supported  platinum  (5)  reveals  no 
apparent  difference  in  activity.  If  reaction  does  occur  on  the 
support,  iL-  may  be  concluded  to  be  of  a  secondary  nature,  having 
little  influence  on  the  overall  'C,  inetico.  The  influence  on  the 
number  of  tract;  iently  ad4ý;  orbcä  ecies  present,  however,  L,  iay  be 
considerable,  depends:::  on  the  relative  turnover  numbers  for  metal "5 
and  support  active  sites.  The  spillover  of  hydrocarbon  to  support 
was  demonstrated  by  Reid,  Thomson  and  Webb  (95,96)  for  adsorption  of 
ethylene  and  acetylene  on  silica  and  alumina  supported  rhodium  catalysts. 
Apart  from  the  significance  of  such  processes  for  the  total  observable 
surface  coverage,  the  possibility  of  a  further  mechanism  for  reaction 
(probably  secondary)  should  also  be  considered. 
In  conclusion,  it  appears  from  the  above  selective  sum.  aary  that 
conventional  kinetic  studies  of  ethylene  hydrogeTiation  have  not,  on 
their  own,  proved  capable  of  elucidation  of  the  reaction  mechanism. 
where  conclusions  have  been  reached,  these  frequently  take  into  account 
other  non-kinetic  evidence.  The  mechanisms  so  derived  are  often  as 
conflictinC  as  the  original  kinetic  measurements.  Much  of  the  confusion, 
so  enCendered,  may  be  explained  in  terms  of  several  different  surface 
processes  and  adsorption  modes  occurrinG  simultaneously  or  under 
different  reaction  conditions  on  similar  catalyst  surfaces.  The 
study  of  the  adsorption  levels  under  catalytic  conditions  and  the  kin- 
etics  of  the  directly  observed  surface  processes  could  well  prove 
invaluable  in  the  formulation  of  a  definitive  mechanism. 
At  this  point,  it  seems  worthwhile  to  list  some  of  the  possible 
situations  on  the  catalyst  surface  which  might  be  found  by  a  study  of 
ethylene  adsorption  durin6  the  hydroEenation  reaction.  . 
(a)  The  whole  of  the  metal  surface  may  be  active  -ä  facile 
reaction  in  Boudart's  terminology  (53). 
(b)  The  active  sites  may  be  provided  by  the  metal  but  amount 
to  only  a  ,,  rigll  fraction  of  the  total  metal  area  -  as  discussed  by 
Taylor  (1)  wid  suGCeated  by  Maatm-aan  pri;  aarily  for  oxide  catalysts 
(51,52). 
(c)  No  adsorbed  ethylene  may  be  found  which  tales  part  in  the 
major  catalytic  processes  as  in  the  Rideal  -  Eley  mechanism. 
(d)  Both  metal  and  support  may  participate  in  the  reaction 
through  a  spillover  process,  either  of  hydrogen  or  hydrocarbon. 
Choice  of  catalysts. 
Having  decided  to  examine  the  hydrogenation  of  ethylene,  the 
catalyst  chocen  in  the  first  instance  was  platinum-on-silica,  taking 41G 
into  consideration  the  points  thado  in  (a)  and  (b)  of  section  3.1. 
This  reaction  system  has  been  studied  by  various  workers,  some  of 
whom  are  mentioned  above,  and  was  preferable  to  the  even  more  widely 
studied*reaction  over  a  nickel  catalyst  due  to  the  greater  ease  of 
reduction.  The  silica  support  was  used  as  it  is  less  prone  to 
allec,  ations  of  support  activity  than  the  com.  aon  alternative,  alumina 
(see  e.  g.  177). 
On  finding  pupported  platinum  too  active  a  catalyst  for  convenient 
study  of  the  reaction  (see  later),  another  less  active  noble  metal 
catalyst  was  sought.  From  the  comparative  study  of  silica  supported 
metals  for  ethylene  hydrogenation  of  Schuit  and  van  Reijen  (4),  the 
noble  metals  studied  may  be  placed  in  the  following  order  of 
decreasing  reactivity: 
Rh  >  Ru  >  Pd  >  Pt  >  Ir. 
An  iridium-on-silica  catalyst  was  therefore  e::  ployed  in 
subsequent  studies  of  the  reaction. CHAPTER  1f 
Experimental 4'j 
Chapter  14 
Experimental 
Part  A.  Chlorobenzene  Studies. 
4.1.  The  flow  system. 
A  schematic  diagram  of  the  system  used  is  shown  in  figure  4.1. 
Flows  of  nitrogen  and  hydrogen  controlled  by  needle  valves  and 
pressure  regulators  were  passed  over  the  catalyst  via  a  liquid 
nitrogen  cooled  molecular  sieve  trap  to  remove  water  vapour. 
A  constant  stream  of  chlorobenzene  vapour  could  be  injected 
into  the  carrier  gas  flow  by  the  vapouriser  described  below.  The 
as  flow  then  passed  through  the  counting  chambers,  the  first  con- 
taining  the  catalyst  bed.  An  injection  port,  sealed  by  a  rubber 
serum  cap  was  situated  immediately  before  the  counting  chambers  to 
facilitate  injection  of  radiotracer  samples. 
The  carrier  gas  flow  rate  was  measured  by  a  soap  film  "bubble 
meter",  the  passage  of  the  soap  film  being  timed  with  a  stop-watch 
over  a  known  volume.  By  bypassing  the  bubblemeter,  the  flow  could 
be  passed  through  two  liquid  nitrogen  cooled  traps  to  remove  reactants 
and  products  from  the  gas  stream.  The  products  trapped  over  a  known 
time  interval  were  analysed  in  ethanol  solution  in  an  ultraviolet 
spectrophotometer  to  establish  the  flow  and  reaction  rates. 
The  airtightness  of  the  system  was  checked  periodically  by 
sealing  the  system  between  stopcocks  A  and  D  at  an  overpressure  of 
about  1CO  torr.  Leaks  were  detected  by  a  fall  in  the  pressure 
indicated  by  the  mercury  manometer. 
The  sections  of  the  flow  system  indicated  by  single  lines  viere 
of  polyethylene  tubing,  other  party  being  of  Pyrex  glass.  The 
stopcocks  and  Glass  joints  were  sealed  with  silicone  high  vacuum 
grease. 
The  radiotracer  samples  were  injected  into  the  gao  flow  using 
Ha:  iilton  procision  taicrolitre  cyrinGec. 
The  vapour  injector. 
The  ap.  paratus  used,  illustrated  in  figure  k.  2.,  was  based  on 
that  of  van  den  Brekel  (178).  The  temperature  of  the  heating;  coil 
was  raised  above  the  boiling  point  of  chlorobenzone  (405  K),  normally !  f8 
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Fj.  rure  4.2.  The  vapour  injector. 50 
to  about  423  K;  control  was  by  means  of  a  Variac  transformer. 
The  chlorobenzene  vapour  so  formed  forced  the  liquid  column  below 
the  heated  region,  creating  a  constant  pressure  head  of  chlorobenzene 
liquid.  The  vapour  was  passed  into  the  gas  flow  via  an  inter- 
changeable  capillary.  An  appropriate  capillary  size  was  obtained 
by  gradually  shortening  an  initially  too  fine  capillary  until  an 
appropriate  vapour  injection  rate  was  established.  (i.  e.  giving 
slightly  less  than  saturated  vapour  pressure. 
The  counting  /  reaction  chambers. 
Those  used  for  the  ambient  temperature  experiments  are  shown 
in  figure  4.3.  Thin  window  Geiger-Muller  tubes  sealed  by  rubber 
sleeves  to 
, 
lass  flanges  were  clamped  to  the  apparatus  and  sealed 
with  silicone  greased  Teflon  washers.  The  catalyst  sample  (about 
150  mg)  was  placed  in  a  boat  sitting  directly  on  top  of  the  Geiger- 
Muller  tube  of  the  catalyst  chamber.  The  catalyst  boat  consisted 
of  a  standard  10  mm  inside  diameter  Teflon  ring  with  a  base  of  thin 
Melinex  sheet,  thickness  3.85  mg  cm-2"  The  pre-reduced  catalyst 
sample  (3  hours  at  423  K  in  slow  11 
2 
flow)  was  normally  left  overnight 
in  a  slow  hydrogen  flow  (0.1  ml  s  prior  to  an  experiment  being 
performed. 
The  counting  /  reaction  chamber  used  for  high  temperature 
studies  is  shown  in  figure  4.4.  This  chamber  was  inserted  into 
the  flow  system  immediately  before  the  empty  ambient  temperature 
catalyst  chamber.  By  means  of  the  heating  coil  of  Nichrome  wire, 
and  power  supplied  by  a  Variac  variable  transformer,  the  catalyst 
sample  could  be  heated  to  473  K.  Experiments  with  a  standard 
carbon-14  source  showed  that  the  counting  efficiency  of  the  Geiber- 
Muller  tube  remained  unchanged  for  catalyst  temperatures  between 
293  and  453  K.  The  temperature  was  monitored  by  a  chromel/alumel 
thermocouple  connected  to  a  Comark  Electronic  Thermometer. 
System  volumes. 
Volumes  were  measured  by  filling  the  apparatus  with  distilled 
water  between  stopcocks  A  and  B  of  figure  14.1.  The  volume  of  water 
added  with  the  apparatus  in  a  vertical  position  was  noted  at  various 
points  to  Give  the  following  values: 51 
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Figure--4.4.  High  temperature  counting/reaction  chamber. 52 
Total  volume  of  system  from  A  to  B=  183.0  ml. 
Volume  of  catalyst  chamber  (ambient  temperature)  =  25.2  ml. 
It  It  gas  It  =  87.0  ml. 
Product  analysis. 
The  products  trapped  over  a  timed  interval  (typically  30  minutes) 
after  allowing  the  system  to  cone  to  equilibrium  for  a  period  of 
about  an  hour,  were  collected  from  the  appropriate  trap  by  washing 
with  ethanol  and  made  up  to  50  rel.  This  solution  was  analysed  in  a 
Pye  Unicam  SP800  ultraviolet  spectrophotometer,  and  the  concentrations 
of  benzene  and  chlorobenzene  estimated.  From  these  values,  the 
initial  flow  rate  of  chlorobenzene  and  its  conversion  to  benzene 
could  be  calculated. 
The  system  was  calibrated  by  determining  the  appropriate  extinction 
coefficients.  Standard  benzene  and  chlorobenzene  solutions  in  ethanol 
were  prepared,  and  the  absorbances  Measured  at  249.0  mµ  and  271.7  mµ 
for  each  solution.  The  plots  of  absorbance  versus  concentration 
are  shown  in  figure  4.5.,  with  the  exception  of  the  absorbances  for 
benzene  at  271.7  mµ  which  were  too  low  for  meaningful  measurement  at 
lower  concentrations.  From  the  0.01  14  benzene  solution,  however,  a 
value  for  the  extinction  coefficient  at  this  wavelength  was  estimated 
to  be  1.5  1  mo1-1  cm-1.  Extinction  coefficients  were  calculated 
according  to  the  Beer-Lambert  relation: 
A=e  cb, 
(Intensity  of  incident  radiation) 
where  A=  Absorbance  =  1og10 
(Intensity  of  transmitted  radiation) 
C=  molar  extinction  coefficient  (1  mol-1  cm-1), 
c=  concentration  (mol  1-1), 
b=  path  length  of  the  absorbing  system  (cm). 
As  the  path  length  of  the  silica  cells  used  was  1  cm,  values  of 
the  extinction  coefficient  were  equivalent  to  the  slopes  of  the  lines 
of  figure  4  10.  These  were  found  to  be:  for  chlorobenzene, 
132.8  1  mol-1  cm-1  at  271.7  mµ  and  62.7  1  mol-l  CM-1  at  249.0  mµ; 
for  benzene,  190.3  1  mol-1  cm-1  at  249.0  m  p. 
For  a  bcnzene/cnlorobonzene  mixture  in  ethanol,  the  total 
abcorbances  at  249.0  mµ  and  271.7  mµ  are  Liven  by  the  equations: 33 
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A249.0  =  68.5  [c6H,  cl]  +  190.3  [c6H6] 
A271.7  =  134.75  [C6H5C1]  +  1.5  [c6H6], 
where  square  brackets  denote  concentrations. 
Solving  these  equations,  the  concentrations  may  be  calculated 
as  follows: 
Benzene  =  5.277  x  10-3(A249.0  -  0.508  A271.7)  mol  1-1.  Equations 
[Chiorobenzene] 
=  A271.7  -  1.5 
[c6ri6] 
-1 
4.1. 
mol  1 
134.75 
4.2.  The  radiotracercountin,  system. 
For  the  earlier  chlorobenzene  studies  (up  to  experiment  C2/3) 
the  counting  system  consisted  of  two  Geiger-Muller  tube  (Mullard 
MX  168)  /  head  amplifier  (Eko  probe  558B)  /  scaler  (Eko  5298) 
channels.  This  system  was  then  expanded  to  include  a  counting 
ratemeter  (Harv.  ell  type  1037C)  and  a  Servoscribe  chart  recorder. 
The  resulting  system  is  shown  schematically  in  figure  4.6.  In  the 
earlier  experiments,  count  rates  were  determined  by  differences 
between  readings  of  the  counts  accumulated  by  the  scalers  at  regular 
intervals  of  time. 
A  typical  plateau  curve  for  one  of  the  Geiger-Muller  tubes  is 
shown  in  figure  4.7.  The  plateau  slope  for  this  tube  was  13%  per 
100  volts.  The  operating  voltage  was  chosen  just  above  the  plateau 
shoulder  at  410  volts.  The  head  amplifiers  were  set  to  give  a 
dead  time  of  500  µs. 
Catalyst  counting  efficiency. 
The  estimation  of  counting  efficiencies  for  carbon  -  14  ßý 
emission  from  a  solid  source  presents  difficulties  due  partly  to 
the  lower  energy  of  the  radiation  (E 
max  =  0.156  MeV).  Self 
absorption,  back-scattering,  and  geometric  corrections  are  usually 
difficult  to  assess  and  extremely  inaccurate.  The  best  solution 
to  these  difficulties-is  the  use  of  a  constant  counting  geometry 
combined  witl  a  sample  of  effectively  constant  size  (.  179).  The 
method  utilised  here  was  that  of  an  "infinitely  thick  layer"  approx- 
imation  for  the  ;  elf  absorption  correction  which  relics  on  the  short 55 
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maximum  range  of  the  electrons  (-28  mg  cm-2  in  Al).  A  sample 
of  thickness  greater  than  this  maximum  path  length  will  give  rise 
to  a  count  rate  approximately  equal  to  that  from  an  infinitely 
thick  source  of  the  same  specific  activity.  Constant  counting 
geometry  was  achieved  in  the  ambient  temperature  experiments  by 
use  of  a  standard  catalyst  boat  as  described  in  section  4.1. 
A  standard  source  was  prepared  from  a  5%  by  weight  Pd-on- 
silica  catalyst  sample  which  was  impregnated  with  a  solution  of 
anthracene-C14  in  benzene.  1  ml  of  the  anthracene  solution 
(specific  activity  2.61  x  104  s-1  ml-1)  was  6lowly  added  to  1.032  g 
of  catalyst  at  a  rate  which  allowed  evaporation  of  the  solvent 
before  the  next  drop  was  added,  ensuring  complete  uptake  of  the 
anthracene  by  the  catalyst  sample.  The  catalyst  was  then  dried 
at  373  K  and  thoroughly  mixed.  The  resulting  standard  source  had 
a  specific  activity  of  25.28  s-1  mg-1. 
Samples  of  up  to  150  mg  of  the  radioactive  catalyst  were  placed 
in  standard  boats  and  the  observed  count  rate  plotted  against  the 
sample  weight  (figure  4.8.  )  The  final  point  on  this  curve  represents 
the  mean  value  of  the  count  rate  obtained  from  7  samples  of  approx- 
imately  150  mg,  the  standard  deviation  being  3.1%.  From  the  curve, 
samples  of  150  mg  appeared  to  be  suitable  to  establish  an  effectively 
infinite  sample  thickness. 
The  counting  efficiency  was  calculated  as  follows: 
Catalyst  counting  efficiency  =  ec  = 
observed  count 
mgEquation 
t+.  2. 
activity 
rate 
_ 
4.37  ±  0.14  mr 
25.28 
i.  e.  EC  =  0.173  1  0.006  mg 
An  observed  count  rate  divided  by  Cc  will  yield  an  activity  value 
per  mg  of  the  cataly3t. 
Gas  counting;  efficiencies. 
Two  calibrations  were  necessary  for  as  counting:  the  absolute 
counting  efficiency  for  the  gas  counting  chamber  and  the  ratio  of 
count  rates  from  the  gas  phase  of  the  catalyst  counting  chamber  and 
the  gas  counting  chamber.  These  determinations  were  carried  out 
simultaneously  using  a  hydrogen/carbon-dioxide  -Cl4  as  mixture  of 
known  composition  and  specific  activity. 
14COa 
was  produced  by  slowly  dropping  5M  HIC1  into  a  solution 53 
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containinC  0.1  mol  of  sodium  carbonate-C14  of  specific  activity 
4.25  x  107  s^a  mol-l.  Samples  of  the 
14CO2 
produced  were  removed 
with  a  Hamilton  gas  tight  syringe  via  a  serum  cap  and  injected  through 
the  serum  cap  of  the  flow  system  containing  static  hydrogen  at 
1  atmosphere  pressure.  Count  rates  were  monitored  with  time  for 
both  detectors  until  stable  values  were  obtained.  This  was  achieved 
in  about  2  hours.  The  counting  efficiencies  found  for  various  gas 
densities  produced  by  the  use  of  different  H2:  C02  ratios  are  shown 
in  figure  4.9.  The  efficiency  of  the  as  counter  (c)  was  calculated 
as  the  ratio  of  observed  count  rate  to  the  activity  of  1  ml  of  gas, 
and  does  not  therefore  depend  on  the  volume  of  the  gas  counting 
chamber. 
Part-B. 
--- 
Ethylene  Studies. 
4.3.  The  flow  sstem. 
The  layout  of  the  system  is  illustrated  schematically  in  figure 
4.10.  The  various  sections  of  the  system  will  be  described  separately. 
Flow  controls.  (figure  4.11.  ) 
Hydrogen  and  ethylene  gas  flows  were  taken  directly  from  cylinders, 
the  hydrogen  being  passed  through  a  catalytic  purifier,  and  both  flows 
throuGh  magnesium  perchlorate  tubes.  In  addition  to  the  cylinder  head 
pressure  regulators,  fine  control  was  achieved  using  Negretti-Zanbra 
precision  pressure  regulators,  which  cave  stable  gas  flows  over  periods 
of  days. 
Pressures  were  measured  at  three  points  in  the  flow  system  by 
pressure  transducers  (see  below),  i.  e.  in  the  hydrogen  flow  L-i-odiately 
after  the  controlling  needle  valve,  before  the  reactor  and  after  the 
reactor  in  such  a  position  that  the  as  sampling  pressure  could  alto 
be  measured.  The  pressure  in  the  ethylene  line  was  monitored  by  a 
mercury  manometer,  the  other  arm  of  which  was  connected  to  the  hydrogen 
flow  line.  Ethylene  pressure  was  thus  controlled  relative  to  that  of 
hydrogen,  and  nor..  %ally  set  at  an  equal  value.  Altheu  h  the  pressure 
in  this  part  of  the  apparatus  was  not  of  direct  relevance  to  the  reactor 
conditions,  the  rotanºeters  used  to  measure  flow  rates  required  constant 
known  pressure  conditions  for  accurate  operation. 
The  hydrogen  and  ethylene  flow  rotameters  were  calibrated  against 61 
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a  soap  film  meter  which  provided  an  absolute  standard.  The 
rotametor  pressure  chosen  was  50  torr  over  atmospheric,  and  the 
curves  shown  in  figure  4.12  obtained.  For  experiments  involving 
a  helium  carrier  flow,  the  flow  rate  was  initially  determined  by 
a  soap  film  meter  and  the  rotameter  reading  then  maintained  at  a 
constant  value.  A  similar  procedure  was  adopted  for  the  hydrogen 
flow  when  the  pressure  of  measurement  was  necessarily  greater  than 
the  adopted  standard. 
The  hydrogen  and  ethylene  flows  could  be  mixed  or  passed 
separately  through  the  3-way  stopcock  at  A  of  figure  y..  ll.,  then 
through  rotameter  3.  The  primary  function  of  this  rotarieter  was 
to  monitor  small  changes  in  the  ethylene/hydrogen  ratio  which  were 
easily  observable  due  to  the  relatively  large  fluctuations  produced 
in  the  flow  rate  indication.  Although  this  effect  could  not  easily 
be  used  to  measure  the  gas  composition,  it  provided  a  check  on  the 
stability  of  the  ratio.  Having  passed  through  the  reactor,  the 
gas  flow  was  either  vented  to  atmosphere  or  passed  through  the  gas 
sampling  system  for  analysis. 
The  flow  controls  were  constructed  primarily  of  copper  or  brass, 
connections  being  of  copper  tubing  (4  inch  or  -J  inch)  joined  by 
brass  Swagelock  seals.  The  parts  of  the  apparatus  constructed  in 
Pyrex  glass  are  shown  enclosed  by  broken  lines  in  figure  L.  11. 
Metal  to  class  connections  were  made  with  inch  Swagelock  seals 
with  brass  ferrules  for  the  metal  seal  and  Teflon  ferrules  for  the 
glass  seals.  The  rotameters  used  had  glass  bodies,  stainless  steel 
bobs  and  nylon  end  blocX:  s.  The  system  was  designed  to  take  up  to 
at  least  1  atmosphere  overpressure,  glass  stopcocks  being  spring 
loaded. 
In  experiments  requiring  a  helium  flow,  the  ethylene  cylinder 
of  figure  4.11.  was  exchanged  for  one  of  helium.  Hydrogen  and 
ethylene  gases  required  for  use  in  the  vacuum  system  were  diverted 
from  the  flow  system  via  a  Dralim  valve  immediately  after  the  rotanietor 
measuring  the  respective  gas  flow. 
Tracer  injection  loop. 
The  difficulties  involved  in  changing;  abruptly  from  one  type  of 
gas  flow  to  another  without  seriously  affecting  the  flow  rate  were 64 
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solved  by  use  of  the  tracer  injection  loop  shown  in  figure  4.13 
Gas  mixtures  vere  made  up  in  the  loop  by  freezing  a  known  amount 
of  ethylene  (normally  carbon-l4  labelled)  from  the  vacuum  system 
into  the  evacuated  loop,  allowing  it  to  thaw,  and  then  malting  up 
to  the  pressure  of  the  gas  flow  with  hydrogen  via  the  vacuum  line, 
The  gas  mixture  was  then  allowed  to  mix  for  at  least  2  hours,  or 
shorter  periods  if  the  mixing  was  enhanced  by  heating  the  loop  at 
B  to  improve  circulation.  The  "rectangular"  tracer  pulse  could 
then  be  injected  into  the  as  flow  by  rotating  the  four-way  stopcock, 
0 
A,  through  90  from  the  position  shown  in  the  diagram,  causing  only 
a  minimal  disturbance  to  the  gas  flow.  The  pulse  was  terminated  by 
rotating  stopcock  A  through  a  further  900  which  gave  a  sharper 
boundary  to  the  tail  end  of  the  pulse  than  simply  allowing  the 
complete  sample  to  pass  into  the  gas  flow.  The  length  of  the 
pulse  was  timed  to  use  approximately  2/3  of  the  original  sample  in 
the  injection  loop. 
The  volume  of  the  loop  could  be  varied  by  means  of  interchangeable 
glass  sections  connected  by  two  spring-tensioned  cone  and  socket 
joints.  The  volume  determination  of  the  loop  with  the  section 
normally  used  is  described  below  (see  Vacuum  system)  and  was  found 
by  weighing  empty  and  filled  with  water,  as  was  that  of  the  standard 
section,  giving  a  total  volume  of  the  loop  with  the  larger  section 
in  place  of  103.1  ml. 
An  alternative  method  used  for  rapidly  filling  the  larger  tracer 
loop  with  a  non-radioactive  ethylene/hydrogen  mixture  was  from  a 
200  ml  stainless  steel  gas-sampling  cylinder.  The  requisite  gas 
mixture  was  made  up  in  this  cylinder  by  adding  the  gases  to  pressures 
indicated  by  transducer  4  (see  below.  ) 
Fleactors  and  counting;  chambers. 
Two  reaction/counting  systems  were  used  for  the  ethylene  studies, 
the  first  of  which  (A)  is  illustrated  in  figure  4.14.  The  reactor 
is  shown  in  the  position  required  for  counting  and  reaction.  For 
reduction  of  the  catalyst  sample,  the  reactor  was  used  in  the  inverted 
position,  the  sariple  beim;  introduced  via  the  '0'-ring 
-"ealed  cone 
and  socket  joint  in  tree  centre  of  the  reactor.  The  sample  was  then 
reduced  in  a  hydrogen  flow  while  being  heated  by  the  surrounding 
furnace  (tf  hours  at  473  K).  On  completion  of  the  reduction,  the 
reactor  was  sealed  by  the  two  '0'-ring  sealed  stopcocks,  detached 66 
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from  the  system  at  the  ball  and  socket  joints  and  inverted.  The 
catalyst  was  manipulated  until  it  lay  in  the  position  illustrated. 
The  reactor  was  then  reattached  to  the  system  in  the  upright 
position,  the  tubing  sections  at  the  joints  evacuated,  and  the 
gas  flow  resumed. 
The  base  of  the  reactor  was  sealed  with  a  sheet  of  Melinex  film 
(see  section  4.1.  )  to  facilitate  counting  from  the  catalyst,  with 
the  Geiger-Muller  tube  directly  below.  The  film  was  held  in  position 
between  two  glass  flanges,  which  in  turn  were  clamped  together  by  the 
aluminium  framework  illustrated.  A  vacuum  tight  seal  -ras  effected 
by  Kel  -F  fluorocarbon  wax,  melting  point  3331C.  The  catalyst 
was  retained  within  the  reactor  by  the  two  porosity  -3  glass 
sinters  shown. 
For  low  temperature  experiments,  the  section  of  reactor  in- 
cluding  the  catalyst  was  enclosed  in  a  polythene  bag  and  insulated 
by  an  expanded  polystyrene  box.  Cold  nitrogen  produced  by  the 
apparatus  shown  in  figure  4.15.  was  passed  through  the  polythene 
bag  and  the  temperature  monitored  by  a  chromel/alumel  thermocouple 
in  the  position  shown  connected  to  a  Comark  Electronic  Thermometer. 
The'  gas  counting  chamber  used  in  conjunction  with  this  reactor  was 
of  a  similar  construction  to  the  base  of  the  reactor,  with  a  Nelinex 
film  window  for  counting. 
The  second  type  of  reactor,  used  for  most  of  the  ethylene 
studies  (F5/l  onwards),  was  designed  to  abate  some  of  the  faults 
inherent  in  a  ;  lass  construction  such  as  reactor  A.  The  principal 
fault  in  reactor  A  lay  in  its  poor  flow  characteristics,  which  resulted 
in  a  roundin,;  of  the  pulse  shape.  Secondly,  temperature  regulation 
was  only  possible  for  ambient  and  lower  temperatures. 
heactcr  B  as  illustrated  in  figures  4.16.  and  17.  was  constructed 
mainly  of  stainless  steel  with  minimum  dead-volume  requirements  as 
a  prerequisite.  The  flat  catalyst  bed  was  held  in  position  by  a 
pair  of  porous  Teflon  plus  through  which  the  gas  flow  passed. 
Radioactive  countin;,  was  through  a  window  either  of  Molinex  film, 
or,  in  runs  F  5/1  to  G  1/7,  of  mica  of  similar  thickness.  Although 63 
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the  mica  windows  were  less  sensitive  to  heat,  they  were  difficult 
to  prepare  to  the  necessary  thinness  and  prone  to  splitting,  both 
while  assembling  the  apparatus  and  while  conducting  experiments. 
The  counting  window  was  held  in  position  by  a  thin  stainless 
steel  template  (figure  k.  17(b)),  surmounted  by  a  thicker  top  plate 
(figure  4.17(a)),  which  also  held  the  Geiger-Muller  tube  in  a 
constant  position  for  counting.  These  three  sections  were  held 
together  by  four  ý  inch  stainless  steel  bolts.  A  vacuum-tight 
seal  was  achieved  between  the  reactor  base  and  the  counting  window 
by  applying  a  thin  smear  of  silicone  grease  to  the  upper  surface 
of  the  base. 
Heating  of  the  reactor  was  effected  by  a  40  watt  flat  soldering 
iron  element  inserted  into  the  base,  the  reactor  being  surrounded 
by  a  shroud  of  several  thicknesses  of  asbestos  paper.  Cooling 
was  by  a  cold  nitrogen  flow  from  the  apparatus  described  earlier, 
through  a  copper  box  attached  to  the  base  of  the  reactor.  The 
temperature  was  measured  by  achromel/alumelthermocouple,  positioned 
in  the  well  shown  in  figure  k.  16.,  0.5  mm  below  the  centre  of  the 
catalyst  bed. 
Figure  4.18.  shows  the  experimental  layout  of  the  reactor  and 
gas  counter.  The  as  counting  chamber  was  of  similar  construction 
to  the  reactor,  with  the  omission  of  heater  cavity,  cooling  box, 
thermocouple  well,  and  catalyst. 
Connections  between  the  tracer  injection  loop,  reactor,  gas 
counter  and  gas  sampling  system  were  of  -  inch  o.  d.  copper  tubing 
coupled  by  Swatelock  connectors.  This  arrangement  helped  to  minimise 
the  dead  volume  between  the  tracer  loop  and  the  reactor,  and  also 
to  improve  the  flow  characteristics. 
Gas  sa:  aolini_  system. 
The  sampling  system  was  designed  to  tare  several  samples  of 
gas  in  rapid  succession  from  the  effluent  Gas  flow  of  the  reactor 
for  subsequent  chromatographic  analysis.  The  apparatus  (figure  4.19) 
was  based  on  a  series  of  loops  which  could  be  bypassed  by  double  IV' 
bore  stopcocks. 
The  gas  flow  was  led  into  the  saiaplin  system  via  stopcock  A 
in  the  position  shown,  and  with  the  other  stopcocks  in  their  illustrated 71 
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positions  was  then  passed  through  the  sampling  loops,  leaving  the 
system  at  A.  By  turning  the  stopcocks  of  loops  2-9  or  stopcocks 
E  and  B  for  loops  1  and  10  respectively,  a  gas  sample  was  removed 
from  the  flow.  Alternatively,  a  set  of  samples  could  be  taken  by 
turning  stopcock  A  through  900  to  bypass  the  sampling  system  and 
subsequently  sealing  the  individual  loops. 
With  the  loops  sealed  and  the  sampling  system  bypassed,  the 
connections  between  the  loops  were  evacuated  via  stopcock  D.  Samples 
from  loops  1  or  10  could  be  injected  into  the  helium  flow-of  the  gas 
chromatograph  by  turning  stopcocks  F  or  C  respectively  through  900  . 
The  helium  flow  was  then  passed  through  the  manifold  of  the  system 
by  rotating  stopcocks  E  and  B  through  90°  to  the  position  shown  in 
the  diagram.  Samples  2  to  9  were  analysed  by  opening  the  appropriate 
loop  to  the  helium  flow.  For  regular  monitoring  of  the  gas  flow 
over  longer  time  intervals,  loops  1  and  10  only  were  used,  avoiding 
the  necessity  to  pass  the  helium  flow  through  the  manifold. 
The  effective  volume  of  the  system  was  varied  by  adjusting 
the  sampling  pressure  to  a  suitable  value.  The  pressure  was  reduced 
by  venting  the  system  to  a  rotary  vacuum  pump  and  adjusting  needle 
valves  1  and  2,  while  keeping  the  flow  rate  and  hence  the  pressure  in 
the  reactor,  constant. 
The  volumes  of  the  sampling  loops  were  determined  by  weighing 
the  individual  loops  empty  and  filled  with  water,  prior  to  being 
glass-blown  into  the  system.  The  values  obtained,  numbered  according 
to  figure  4.19.,  are  listed  in  table  4.1. 
Table  4.1.  Volumes  of  gas  sampling  loops. 
Loop  number.  1  2  3  4  5 
Volume  /  Ml.  7.71  6.69  6.28  5.96  7.09 
Loop  number.  6  7  8  9  10 
Volume  /  ml.  3.12  3.01E  3.08  3.05  3.45 0 
The  gas  chromatoj°ranh.  (figure  4.20) 
The  primary  purpose  of  the  chromatograph  was  for  analysis  of 
ethylene/ethane  mixtures.  The  column  used  was  4  feet  by  inch 
outside  diameter  copper  tubing  packed  with  40/60  mesh  silica  gel. 
The  column  was  placed  inside  an  oven  consisting  of  a  Pyrex  tube 
wound  with  33  m  of  Nichrome  tape  (  -13  i2  m-1)  insulated  with  asbestos 
paper.  The  space  between  furnace  and  column  was  packed  with  steel 
wool  to  aid  heat  conduction.  The  furnace  was  placed  inside  an 
asbestos  tube  filled  with  Vermiculite  packing  for  thermal  insulation. 
Power  was  supplied  by  a  Variac  variable  transformer  and  the  temper- 
ature  measured  by  a  thermometer  embedded  in  the  steel  wool. 
Prior  to  use,  the  column  was  baked  in  a  slow  helium  flout 
overnight  at  433  K  to  remove  water.  Normal  operating  conditions 
for  good  ethylene/ethane  separation  were  at  353  K  with  a1  ml  s-1 
helium  carrier  flow.  The  helium  flow  was  controlled  by  a  Nigretti  - 
Zambra  precision  pressure  regulator  and  measured  by  a  rotameter. 
The  separated  components  of  the  sample  eluted  from  the  column 
were  detected  by  a  katharometer  (Gow  I4ac  Instrument  Co.  )  operating 
on  the  basis  of  four  Rh/SY  filaments  connected  as  a  Wheatstone  bridge 
circuit  (see  figure  4.21.  )  The  helium  reference  flow,  passing  over 
filaments  R1  and  R2  was  taken  before  the  point  at  which  samples  were 
introduced.  The  carrier  flow  containing  samples  was  passed  over 
filaments  S1  and  S2.  Power  was  supplied  from  a  constant  current 
supply  set  at  200  mA.  The  bridge  was  connected  to  a  Servoscribe 
potentiometric  chart  recorder. 
Samples  were  admitted  to  the  helium  flow  either  from  the  gas 
saraplin,  f  system  as  described  above,  or  via  the  rubber  injection 
septum  of  a  bypass  to  the  sampling  system. 
The  chromatograph  was  calibrated  by  injection  of  samples  of 
ethylene  and  ethane  using  a  Hamilton  eas-tiHht  syringe  and  standard 
conditions.  Figure  4.22.  shoes  the  calibration  curves  for  both  peak 
heights  and  peak  areas  measured  by  a  triangular  approximation.  From 
the  slopes  of  these  curves,  the  peak  height  ratio  for  ethano:  ethylene 
was  2.01  and  the  area  ratio  1.09.  Figure  4.23  shows  a  typical 
ethylene/ethane/hydrogen  vepaiation,  the  sample  having  been  injected 
from  the  gas  sampling  system.  Calibration  of  hydrogen  peaks  was  not 
possible,  due  to  the  typical  IWt  shaped  peak. 74 
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The  pressure  transducers. 
The  differential  pressure  transducers,  supplied  by  Ackers 
Electronics  Ltd.,  comprised  a  piezo-resistive  half  bridge  element 
mounted  in  a  substantial  brass  housing  (see  figure  24(a)).  The 
silicon  beam  on  which  the  resistors  were  mounted  was  deflected  by 
movement  of  a  pressure  sensitive  membrane.  The  transducers  were 
connected  to  the  measuring  electronics  via  a  screened  multi-core 
cable. 
The  input  circuitry  of  the  measuring  electronics  and  the 
transducer  formed  a  Wheatstone  bridge  configuration.  The  bridge 
output  was  a  voltage  proportional  to  the  applied  pressure  differ- 
ential.  Amplification  of  the  signal  voltage  (of  the  order  of 
millivolts)  was  required  to  provide  a  meter  indication  and  an 
output  suitable  for  a  pen  recorder. 
Balance  and  calibrating  controls  were  provided,  the  former 
being  used  to  zero  the  output  for  a  given  reference  pressure,  the 
latter  being  adjusted  to  give  meter  scale  readings  corresponding 
to  pressure  units  (torr). 
The  electronic  circuit  (see  figure  4.25.  )  consisted  of  a  differ- 
ential  cross-coupled  voltage  follower  pair  feeding  a  differential 
amplifier.  The  voltage  follower  pair  cave  a  high  common-mode 
rejection  and  a  high  input  resistance,  thus  minimising  errors  in 
subsequent  amplification.  The  differential  Cain  was  set  to  a 
nominal  value  of  twelve.  The  differential  amplifier  converted  the 
differential  input  signal  to  a  single  ended  output  suitable  for  use 
with  a  moving-coil  motor  and  a  chart  recorder.  The  gain  of  this 
amplifier  was  set  to  a  nominal  value  of  ten. 
Monolithic  integrated-circuit  operational  amplifiers  type 
SN72747N  (supplied  by  Texas  Instruments)  were  used  throughout  the 
instrument. 
The  transducers  used  were  of  the  following  types  (numbered  as 
in  figure  4.11.  ) 
Nos.  2  and  3:  Pressure  range  0-  760  torr  (type  AE831B). 
No.  4:  Pressure  range  0-  10  atmospheres  (type  AE831D).  Used  for 
making  up  gas  mixtures  in  the  gas  sampling  cylinder  (see  above). 77 
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No.  1:  Pressure  range  -35  to  +35  torr  (Type  AE  810). 
Transducers  2,3  and  J  were.  initially  mounted  in  a  housing  of 
the  types  shown  in  figure  4.24  (b).  This  housing  design  had  the 
disadvantage  of  causing  damage  to  the  electrical  leads  if  frequently 
dismantled,  and  since  this  was  the  case  with  transducer  3,  a  housing 
of-the  type  shown  in  figure  1.24  (c)  was  substituted.  Transducer  1 
was  supplied  with  the  housing  illustrated  in  figure  4.24  (d). 
For  measurement  of  pressures  below  atmospheric,  housings  for  trans- 
ducers  2,3  and  4  were  equipped  with  a  vacuum  connection  to  the  low 
pressure  side,  enabling  pressures  to  be  measured  relative  to  vacuum. 
The  transducers  2,3  and  4  were  calibrated  by  setting  the  amplifier 
to  zero  with  both  sides  of  the  pressure  sensitive  membrane  evacuated, 
admitting  gas  to  atmospheric  pressure  on  the  high  pressure  side, 
and  then  adjusting  the  amplifier  gain  until  a  reading  of  760  was 
obtained  on  the  meter.  Transducer  1  was  calibrated  against  the 
mercury  manometer  of  the  flow  system.  The  response  of  the  trans- 
ducers  was  assumed  to  be  linear  within  the  pressure  ranges  used  - 
according  to  the  manufacturers'specifications,  linearity  and 
hysteresis  were  within  +1°;  for  transducers  2,3  and  4- 
4.4.  The  vacuum  system.  (figure  4.26.  ) 
The  apparatus  was  constructed  of  Pyrex  glass,  and  all  stopcocks, 
excepting  those  for  storage  bulbs  1  and  2,  and  all  joints  were  sealed 
with  Apiezon  N  high  vacuum  grease.  The  system  was  evacuated  by  a 
mercury  diffusion  pump  backed  by  a  rotary  mechanical  pump.  Operating 
pressures  were  better  than  10-5  torr.  Three  pressure  measuring 
devices  were  incorporated  in  the  system.  For  a  rough  indication 
of  the  vacuum  ac:  iieved,  a  rotary  Vacustat  McLeod  gauge  was  used 
(measuring  down  to  10-3  torr.  )  Accurate  pressure  measurements 
could  be  made  down  to  10-5  torr  (approximately  to  10-6  torr)  using 
the  McLeod  gauge  and  a  cathetometer  to  measure  the  heights  of  the 
mercury  columns.  Gas  pressures  in  the  region  of  1-  40  torr  were 
measured  by  the  deflection  of  a  light  beam  by  a  spiral  gauge.  The 
pressure  measured  by  the  spiral  gauge  SJF:  s  relative  to  that  on  the 
side  connected  to  the  mercury  manometer.  When  preparing  gas  mixtures Co 
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for  the  tracer  injection  loop,  this  pressure  was  set  eitner  to 
zero  or  to  one  atmosphere. 
The  primary  purposes  of  the  vacuum  system  were  to  dilute  samples 
of  radiotracer  and  to  dispense  them  to  the  tracer  injection  loop. 
Carbon-14  labelled  ethylene  was  admitted  to  the  vacuum  system  from 
a  break-seal  ampoule  via  the  inlet  shown,  and  stored  in  bulbs  1 
and  2.  These  bulbs  were  sealed  by  Westef  '0'-ring  sealed  stopcocks. 
Non-radioactive  ethylene  was  taken  from  the  flow  system  and  stored 
in  bulb  3.  Samples  of  this  ethylene  were  then  used  to  dilute  the 
radioactive  ethylene  to  appropriate  specific  activities. 
Carbon-14  labelled  carbon  dioxide  was  prepared  in  the  apparatus 
shown  in  figure  14.27.  The  carbon  dioxide  was  collected  in  the 
liquid  nitrogen  cooled  trap  and  distilled  into  bulb  4  of  the  vacuum 
line,  water  vapour  being  retained  by  solid  carbon  dioxide  cooling 
of  the  trap.  - 
The  sections  of  the  vacuum  system  used  in  handling  gases  were 
maintained  free  of  mercury  from  the  diffusion  pump  and  McLeod  gauge 
by  two  liquid  nitrogen  cooled  traps. 
Calibrations. 
The  volume  of  the  McLeod  gauge  bulb,  found  by  weighing  empty  and 
filled  with  mercury,  was  145.0  ml  and  the  capillaries  used  were  of 
1  nm  bore.  Pressures  were  calculated  according  to  the  equation; 
PIV=  P2  Adl  =  Ad1d2 
10  10 
where  Pl  =  pressure  in  vacuum  line  (torr) 
P2  =  pressure  of  gas  trapped  in  capillary  (torn) 
V  volume  of  McLeod  gauge  bulb  (ml) 
A=  cross  sectional  area  of  capillary  (cm2) 
d1  =  height  of  gas  column  trapped  in  capillary  (nm) 
d2  =  difference  in  heights  of  rnercury  columns  (um) 
We  may  substitute  into  this  equation: 
PI  =  Ad1d2  =  3.142  x  0.052  did2 
lov  10  x  145.0 
: 
-i.  e.  P1  =  5.42  x  10-6d1d2  torr.  Equation  4.3. 83 
Volumes  of  various  parts  of  the  vacuuih  system  were  found  by 
gas  expansion,  based  on  a  bulb  of  previously  determined  volume 
(58.84  ml).  Table  4.2.  lists  these  sections  of  the  vacuum  line 
and  the  mean  volumes  determined  over  5  expansions.  The  manifold  + 
McLeod  gauge  volume  was  determined  by  expansion  direct  from  the 
standard  volume,  and  the  spiral  gauge,  tracer  loop  and  McLeoä  gauge 
volumes  by  expansion  into  the  manifold.  (The  "manifold"  here 
refers  to  the  section  between  stopcocks  A  and  B  of  figure  4.26.  ) 
The  spiral  gauge  was  calibrated  by  plotting  the  deflection 
of  the  light  beam  on  the  translucent  scale  against  the  pressure 
measured  on  the  mercury  manometer  by  subsequently  adjusting  the 
pressure  in  the  manometer  until  a  zero  deflection  was  produced 
(see  figure  4.28.  )  From  this  plot,  1  mm  deflection  on  the  spiral 
gauge  scale  was  calculated  as  being  equivalent  to  0.469  torr. 
Table  4.2.  Volumes  of  vacuum  line  sections  by  gas  expansion. 
Vacuum  line  section 
Manifold 
McLeod  gauge 
Tracer  loop 
Spiral  gauge 
Volume  /  ml 
146.1  1.2 
232.0  0.9 
31.4  0.5 
12.6  ±  0.4 ;  LF 
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L}.  5"  The  radiotracer  countinc,  system. 
The  counting  system,  shown  schematically  in  figure  4.29.  was 
similar  to  that  employed  in  the  chlorobenzene  studies.  Additionally, 
a  second  counting  ratemeter  was  added  to  the  gas  counting  channel 
and  a  double  pen  Servoscribe  potentiometric  recorder  gave  siriul- 
taneous  traces  from  the  outputs  of  both  counting  ratemeters.  The 
electronic  pulses  corresponding  to  the  detected  particles  were 
also  recorded  on  magnetic  tape  for  subsequent  analysis  as  below. 
The  fact  counting  system. 
In  the  initial  experiments  with  reactor-B,  it  was  found  that 
the  counting  ratemeters  used  to  record  a  trace  of  count  rate  versus 
time  were  inadequate  when  ,  measuring  rapid  changes  (t, 
_< 
ls).  To 
obtain  a  curve  suitable  for  analysis,  the  minimum  time  constant 
which  cave  a  reasonably  smooth  curve  was  normally  is.  Count  rate 
changes  occurrin6  with  a  similar  or  smaller  half-life  were  masked 
by  the  instrument.  An  additional  problem  preventing  a  straight- 
forward  analysis  of  curves  comprising  a  real  change  in  count  rate 
and  also  instrument  time  lag,  was  the  lack  of  uniformity  of  time 
constant  throughout  the  range  of  the  ratemeters.  To  avoid  these 
difficulties,  it  was  decided  to  adopt  a  digital  approach  to  recording 
and  analysis  of  rapid  count  rate  changes.  Digital  handling  of  the 
count  rate  data  had  the  additional  advantage  of  optimising  the  amount 
of  information  available  from  the  number  of  radioactive  disinte- 
grations  observed. 
A  2-channel  magnetic  tape  recording  system  was  used  for  storaGe 
of  the  pulses  derived  from  the  radioactive  disintegrations,  enabling 
both  the  catalyst  and  the  gas  counting  chambers  to  be  monitored 
si,,  multaneousiy.  The  magnetic  tape  recording  could  subsequently 
be  played  back  into  a  multichannel  analyser  (Laben  Spectroscope 
Model  400)  operatinG  on  a  multiscaler  mode.  In  this  mode,  the 
instru:  xcnt  would  count  and  store  pulses  over  a  maximum  of  1+00  equal, 
predetermined  time  intervals  (from  10-4  to  9x  1043).  Between  each 
counting  interval  the  instru:  rpaused  for  apre-set  period  (from 
10-4  toys  104s)  .  This  pause  was  nor,  mally  set  to  the  mininmum 66 
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Figure  4.29.  The  radiotracer  counting  system 
(ethylene  studies). 
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value  of  10-4s,  which,  with  the  time  intervals  normally  used  for 
counting  (minimum  0.2s)  could  be  neglected. 
Having  collected  the  required  data  from  a  tape  recording,  this 
could  be  retrieved  via  an.  -automatic  printer. 
In  addition  to  the  short  counting  intervals  (resolution)  which 
the  system  made  possible,  a  secondary  advantage  was  found'  in  the 
ability  to  re-analyse  a  magnetic  tape  recording  of  a  single  experiment 
until  a  suitable  value  of  resolution  was  obtained  for  the  process 
under  examination. 
The  recording/playback  system  is  shown  schematically  in  figure 
4.30.  A  negative  going  pulse  of  150  volt  amplitude  was  available 
at  the  output  of  the  discriminator  in  the  ratemeter.  This  pulse 
was  brought  out  and  capacitatively  coupled  to  an  interfacing  transistor, 
biased  to  give  a  positive  going  pulse  of  5  volt  amplitude.  This 
pulse  was  coupled  to  a  74121  integrated  circuit  monostable  which  was 
then  capacitatively  coupled  to  a  cassette  tape  recorder.  The  poor 
low  frequency  response  of  the  recorder  differentiated  the  input 
(square)  pulse  giving  on  playback  a  positive  and  negative  excursion. 
On  playback  the  output  of  the  tape  recorder  was  first  amplified, 
then  the  amplified  signal  was  fed  to  a  discriminator  to  discriminate 
against  tape  noise.  The  output  of  the  discriminator  was  made  com- 
patible  with  the  input  of  the  Laben  multiscaler. 
As  two  points  were  to  be  monitored,  a  stereo  recorder  was  used 
through  two  interface  channels.  Each  channel  was  then  replayed 
individually. 
The  circuit  was  tested  using  a  pulse  generator  and  an  I.  T.  T. 
type  82  stereo  cassette  recorder.  It  was  found  that  over  20  replays 
a  deviation  of  ±  l%  from  the  nominal  count  rate  could  be  expected. 
The  recorder  was  then  replaced  by  a  Thermionic  Products  type  T  3000 
recorder  capable  of  reproducing  square  pulses.  As  expected,  this 
recorder  showed  no  improve.,  7ent  over  the  simpler  instrument,  showing 
teat  the  derivative  of  the  pulse  only  was  required  to  reproduce  the 
counts. 3u 
Calibrations. 
The  catalyst  counting  efficiencies  were  measured  by  the  infin- 
itely  thick  layer  approximation  described  in  section  4.2.  Using  the 
same  anthracene  -  C14  labelled  catalyst,  the  counting  chambers  were 
filled  and  the  efficiencies  determined  for  the  various  reactors  and 
counting  windows,  a  new  calibration  being  necessary  for  each  mica 
window  used.  The  number  of  molecules  adsorbed  on  the  catalyst  may 
be  calculated  from  the  counting  efficiency  and  the  specific  activity 
of  the  tracer  sample  used  according  to  the  equation: 
Amount  adsorb  ed(molecule  mg-1)  =  observed  count  rate  (s-l) 
Ec(mg)  x  specific  activity(s-lmolecule  -1) 
Equation  4.  k. 
where  cc  =  catalyst  counting  efficiency. 
To  simplify  the  calculations  involved  in  the  estimation  of 
adsorption  levels  from  count  rate  data,  table  L+.  3.  lists  the  specific 
activities  and  adsorption  levels  equivalent  to  an  observed  count  rate 
of  is-1  for  the  experiments  performed  with  reactor  B,  and  the  counting 
efficiencies  for  the  windows  used. 
During  the  passage  of  a  pulse  of  radioactive  gas  through  the 
catalyst  chamber,  a  contribution  to  the  observed  count  rate  was  ex- 
pected  from  both  gas  phase  and  adsorbed  phase.  With  a  catalyst 
sample  in  place  in  reactor  B  it  was  found  that  a  considerable  gas 
space  was  formed  between  the  catalyst  and  the  countin&  window.  It 
was  estimated  that  the  contribution  to  the  observed  count  rate  from 
the  interstitial  gas  of  the  catalyst  bed  would  amount  to  less  than 
5%%  of  that  from  the  gas  space  above  the  bed.  The  interstitial  gas 
contribution  was  therefore  neglected. 
The  counts  observed  from  the  gas  phase  in  reactor  B  wore  estimated 
as  a  fraction  of  tuoce  observed  for  a  given  radiotracer  pulse  in  the 
as  countin6  cha.  uber.  Two  equal  pulses  of  ethylene  -  Cly  were 
passed  over  the  same  catalyst  sample  under  similar  conditions. 
(For  further  detail  see  chapter  5,  experiments  G6/2  and  1.  )  The 
first  pulse  was  passed  over  the  catalyst  bed  in  the  normal  position, 
i.  e.,  with  the  counting  window  uppermost.  The  ratio  of  the  total 
counts  observed  from  the  catalyst  chamber  to  those  of  the  as  chamber "'1 
Tr11o  4.3.  Catalý-st  count;  in;  erficiencie$,  Npoeific 
activities  of  ethylcin.  e-C14,  and  conversion  factor 
for  count  rate  to  surface,  coverage  (ethylene  studies). 
Experiment 
numbers 
sc  /mg  Specific 
activity  / 
Ci  mmol-1 
Surface  coverage  = 
1  count  s-"  / 
molecule 
msr  catalyst 
r5  0.423  84.1  4.85  x1014 
GJ/1&2  0.442  84.1  4.86  x1014 
G1/3-5  0.442  542  7.20  x1013 
G1/6&7  0.431  526  7.43  x1013 
G2/1-4  ""  105  3.71  x1014 
G2/5--8,  B33/1  ""  558  6.97  x1013 
B33/2-7  532  7.34  x1013 
G3/1&:  2,  ä4E/1-3  550  7.12  x-1013 
G5/1  ,  G6,11-1  550  7.12  x1013 
G6/6&:  7,  G7/1  "  550  7.12  x.  1013 included  a  contribution  tro.  a  the  gas  space  over  the  catalyst  bed. 
In  the  secona  experiment,  the  reactor  was  inverted,  allowin  the 
catalyst  sample  to  cover  the  counting  window.  The  ratio  of  the 
counts  observed  from  catalyst  to  gas  chambers  in  this  case  did  not 
include  the  same  gas  phase  contribution.  By  taking  the  difference 
between  the  ratios  from  the  two  experiments,  a  ratio  was  obtained 
for  the  counts  arising  fron  the  gas  space  in  the  catalyst  chamber 
to  those  from  the  gas  chamber.  This  ratio  was  found  to  be: 
Gas  counts  observed  in  catalyst  chamber 
=  0.447. 
Counts  observed  in  das  chamber 
Since  the  catalyst  weight  and  other  conditions  employed  were 
similar  to  those  of  the  other  experiments  with  this  reactor,  this 
ratio  could  be  used  in  calculatinG  the  gas  phase  contribution  to 
the  catalyst  chamber  counts. 
The  estimation  of  this  figure  was  also  attempted  for  reactors 
A  and  B  by  passing  a  pulse  of  carbon  dioxide  -  C14  over  the  catalyst 
in  a  hydrogen  carrier  flow.  The  count  rate  versus  time  curves  for 
the  catalyst  chambers  are  shown  in  figure  4.31.  These  may  be  com- 
pared  with  the  curves  obtained  under  similar  conditions  with  Reactor  B, 
but  in  the  absence  of  a  catalyst  sample,  shown  in  figure  4.32. 
Comparing  the  curves  for  reactor  B,  it  appeared  that  a  significant 
amount  of  adsorption  of  carbon  dioxide  was  occurring  on  the  catalyst 
sample.  The  ratio,  total  catalyst  chamber  counts  :  total  gas 
chamber  counts  was  found  to  be  1.81,  which  may  be  compared  with 
the  value  0.1i7  above,  when  no  adsorption  occurs.  These  results 
may  be  compared  v;  ith  those  of  Schay  and  Sze_kely  (106)  for  carbon 
dioxide  adsorption  on  a  silica  ciiroinatoL;  raphic  column.  It  aa 
concluded  that  carbon  dioxide  was  unsuitable  for  this  type  of  cali- 
bration. 
The  plots  shown  in  figure  4.31.  serve  as  an  illustration  of  the 
greatly  superior  flow  characteristics  of  reactor  B.  Analysis  of 
desolation  kiaetics  in  reactor  A  would  require  a  half-life  for  the 
desorypti.  on  of  ap  ro::  imately  the  length  of  the  pulse  (i.  e.  about  10s). j 
-l 
70 
60 
50 
40 
N  30 
d 
ü 
`  20 
c 
0 
u 
10 
cl 
time/s---ý- 
, 
(a)  reactor  A 
N 
w 
O 
O 
u 
time/  s  ---"- 
(b)  reactor  B 
Figure  4.31.  Passage  of  carbon  dioxide-C14  pulses  over 9'- 
r 
H 
G) 
r+ 
a I- 
-S  C 
0 
U 
900 
0 
800 
00  0o  "00  00 
00 
00000  10  0 
°"o"o"  "o  e 
00 
700  0,  "o"  00"  °o  oý  "" 
" 
°" 
ö0  e°  ""ö  0  ""  "  i" 
""""" 
"o" 
" 
"o" 
600  "o 
o" 
500 
o  catalyst  chamber  o 
"  gas  chamber 
40Q 
N 
300 
w" 
C 
0  0 
)nn  6 
100  "" 
" 
"0 
" 
00  "  00  """ 
05  10  15 
time/  S 
(b)  fast  counting  system  plot 
Figure  4.32Passage  of  CO2-C14  pulses  through  empty  reactor 
05  10  15 
time'/  s 
(a)  ratemeter  plot 9J 
With  a  "rectariGular"  pulse  shape  such  as  that  shown  in  figure 
1.32  (a)  for  the  empty  reactor,  however,  the  desorption  half-life 
required  for  a  significant  analysis  to  be  made  would  have  to  be 
little  greater  than  that  of  the  tailing  process  found  for  the  empty 
reactor  (-0.2s).  To  facilitate  a  more  direct  comparison  with 
later  results,  the  multiscaler  analysis  of  the  same  pulse  through 
the  empty  reactor  is  shown  in  figure  4.32  (b). 
Part  C.  General. 
4.6.  Materials. 
The  radiochemicals  were  obtained  from  the  Radiochemical  Centre, 
Araersham.  The  chemical  purity  of  all  samples  was  quoted  as  98iß, 
and  the  radiochemical  purity  99%  for  chlorobenzene  -  C14,  benzene  - 
C14  and  sodium  carbonate  -  C1k,  and  98%  for  ethylene  -  C14. 
The  non-radioactive  chlorobenzene,  benzene  and  sodium  carbonate 
were  Analar  grade  reaGents  cupplied  by  B.  D.  H.  Ltd.  The  ethanol 
used  for  the  spectrophotometric  analyses  of  benzene  /  chlorobenzene 
mixtures  was  Burroughs  99.80%  grade. 
Cylinders  of  nitrogen,  hydrogen,  helium  and  ethylene  gases 
were  obtained  from  Air  Products  Ltd.  The  hydrogen  was  purified 
by  passage  through  a  Deoxo  catalytic  hydrogenator  (Engelhard  Indus- 
tries  Ltd.  )  to  reduce  traces  of  oxygen  to  water.  For  the  chloro- 
benzene  studies  water  vapour  was  removed  from  the  nitrogen  and  hydrogen 
flogs  by  a  liquid  nitrogen  cooled  molecular  sieve  trap.  During  the 
ethylene  studies,  water  was  removed  by  passage  through  tubes 
(10  mm  by  150  mm)  packed  with  magnesium  perchlorate  Granules. 
These  tubes  also  served  as  dust  filters.  The  ethylene  was  quoted 
by  the  manufacturers  as  being  99.8;;  pure,  with  methane 
ethane  (0.005°)  and  carbon  dioxide  (0.0037'0  as  the  major  impurities. 
Catalysts  were  prepared  by  impregnation  of  the  silica  support 
With  solutions  of  the  metal  salts.  The  metal  salts  used  for  thq 
catalysts  were  PdC12,  H  PtC16.  xH20,  and  IrCl3,  supplied  by  Johnson 
Matthey  Chemicals  Ltd.  The  required  amount  of  metal  salt  was 
dissolved  in  a  minimum  amount  of  distilled  water  (dilute  HCl  for 
PdC12)  and  added  to  a  slurry  of  Aerosil  silica  in  an  evaporating 94 
basin.  After  partially  eggporating  to  dryness  over  a  steam  bath 
with  constant  stirring,  the  catalyst  was  dried  overnight  at  393  K. 
The  Aerosil  silica  used  was  quoted  as  having  a  surface  area  of 
175  m2g-1,  measured  by  the  Brunauer,  Emmett  and  Teller  method  (6). 
The  catalysts  used  in  the  present  study  were  as  follows: 
Catalyst  B,  1%  vt/w  Pd-on-silica;  Catalyst  C,  5%  tiV/w  Pd-on-silica; 
Catalyst  E,  Pd  black.  (supplied  by  Johnson  Matthey  Chemicals  Ltd); 
Catalyst  F,  5°%  VI/tier  Pt-on-silica;  Catalyst  G,  5%  vi/vi  Ir-on-silica. 
The  percentage  metal  components  given  are  nominal  values.  More 
precise  values  will  be  given  in  section  5.16. 5  CHAPTER 
results 5 
Chapter  5.  Results. 
Part  A.  Chlorobenzene  Studies. 
2.1.  Occupancy  Principle  experiments. 
Experiments  ? 31/1  and  2. 
These  experiments  were  designed  to  test  the  Cccupancy  Principle 
method  in  the  calculation  of  the  size  of  the  active  pool  of  molecules 
adsorbed  on  the  Pd-on-silica  catalyst  used. 
The  catalyst  sample  31  (see  table  5.20)  was  pre-reduced  for 
3  hours  at  393  K  in  H2  flow  at  atmospheric  pressure,  and  subsequently 
transferred  in  air  to  the  ambient  temperature  counting,  chamber  where 
it  was  loft  overnight  in  a  slog  H2  flow.  These  catalyst  reduction 
conditions  will  be  referred  to  as  "standard"  throuGhout  part  A  of 
this  chapter.  The  experiment  numbers  are  explained  in  appendix  I. 
The-  experimental  results  and  calculations  will  be  presented  in 
full  for  B1/l.  Those  for  B1/2  and  subsequent  experiments  will  be 
given  in  more  concise  form. 
A  summary  of  the  experimental  conditions  and  results  are  given 
in  tables.  5.1  and  5.2.  Similar  conditions  were  chosen  for  these  experiments 
to  chock  reproducibility.  The  count  rate  versus  tine  plots  recorded 
from  the  catalyst  and  gas  cha,:  cbers  following  the  injection  of  the 
chlorobenzene-C14  sample  into  the  carrier  lac  flow  are  ,  horn  in 
figure  5.1. 
The  Occupancy  Principle  calculation  Evas  performed  as  follo.,  s: 
Dotal  counts  observed  from  catalyst  c_aamber  26559  ±  163  in  5160  s. 
Baclc;;  round  count-rate  from  catalyst  cha,  aber  =  0.596  ±  0.  C08  0-1 
Net  counts  observed  from  catalyst  chamber  _  26559  -  0.596  x  5160 
(2.35  0.02)  x  104 
Total  counts  observed  from  as  chamber  _  24212  ±  156  in  5100  s. 
3ac'  -round  count-rate  fro.  1  L;  a  s  chamber  _  0,752  0.011 
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:  let  counts  observed  from  gas  chamber  24212  -  51C0  x  0.752 
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From  equation  2.5  we  may  write: 
A- 
RN 
B)  Vl 
Capacity  of  Adsorbcd  Phase  =C 
F(T1 
CED 
C 
where  F=  chiorobenzene  flow  rate  (molecule  s1  )0 
ilA  =  net  counts  observed  in  catalyst  chamber, 
11B  _  net  counts  observed  in  gas  chamber, 
17  vioight  of  catalyst  use  d  (mg), 
e  =  efficiency  of  catalyst  counter  (M;  ), 
c 
D  =  total  trac  er  activity  used  (s-1'). 
Equation  5.1., 
R  is  the  proportionality  factor  giving  the  gas  phase  count 
rate  observed  in  the  catalyst  chamber  relative  to  that  in  the  gas 
chamber  for  a  given  density.  From  figure  4.9  for  the  calculated 
gas  density  of  0.0926  g  1-1,  the  appropriate  value  of  R  is  0.098. 
C_6.54  x  1016(2.35  x  10i4  -  0.098  x  2.04  x  104)250 
4  0.173  x  3.7  10 
=  5.49  :  1019  molecule 
2.20  x  1017  molecule  (m  catalyst)-1" 
Similarly,  for  Bl/2,  the  capacity  was  calculated: 
a 
6.54  x  1016(2.46  x  104  -  0.099  x  2.38  7.104)250 
0.173  x  3.7  x  104 
=  5.68  x  1019  molecule 
2.27  x  1C17  molecule  (x-  catalyst)-1 
Figure  5.2  shorn,  the  se.;  ii-log  plots  of  count-rate  versus  time  for 
the  radiotracer  desorptions  from  the  catalyst  for  Bl/l  and  2.  The 
reciprocals  of  the  sloes  of  those  plots,  obtained  by  the  least 
squares  approximation  (L  S  A),  yield  values  of  1.10  1  0.02  x  103  s 
(31/1)  and  1.27  ±  0.03  x  103  s  (BI/2)  for  T  s, 
the  rican  surface 
lifetime  of  a  tracer  Molecule.  Using  equation  2.3,  the  flus:  of 
molecules  through  the  adsorbed  phase,  or  rate  of  exchaiiCe  of 
adsorbed  raoleculee  May  be  calculated: ý  '. 
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=  4.5  x  1016  molecule  s-1  (B1/2) 
1.27  x  103 
Experiment  B1/3. 
For  a  summary  of  the  experimental  conditions  and  results,  see 
table  5.1  and  5.2.  The  previous  experiments  were  repeated  here,  but  with 
higher  chlorobenzene  flow  rate  and  partial  pressure  to  test  the 
effect  of  the  latter  on  adsorption.  Prior  to  the  experiment,  the 
catalyst  was  left  overnight  in  a  slow  H2  flow.  The  semi-log  plot 
of  count  rate  versus  tine  for  tiro  radictraccr  desorption  is  shown 
in  figure  5.2. 
ExDerinent  BS1/1. 
For  the  experimental  conditions  and  results,  see  table;;  5.1  and  5.2. 
From  the  values  of  capacity  determined  in  the  previous  experiments, 
it  seemed  probable  that  an  extensive  adsorption  occurred  on  the  silica 
support.  The  Occupancy  Principle  experinent  was  therefore  repeated 
under  siiiilar  conditions  to  the  previous  experiments,  usinc  Aerosil 
silica  as  the  adsorbent  to  test  for  adsorption  in  the  absence  of  the 
metal.  V/hile  adsorption  was  found  to  occur,  no  reaction  was  observed. 
The  semi-loh  plot  of  count  rate  versus  tiue  is  shown  in  fi,,  uro  5.2. 
5.2.  Ambient  temperature  chlorohenzene  deoorptions  from  Pd/SiO 
2 
in  H?  flow. 
It  ,  ras  concluded  from  the  experiments  of  the  previous  section, 
under  constant  flow  conditions,  that  the  adsorption  observed  related 
primarily  to  the  support.  The  present  experiments  were  carried  out 
under  pulsed  chlorcbenzene-C14  flow  conditions  in  a  hydrogen  carrier 
flow.  It  was  hoped  that  from  the  desorption  kinetics  it  iniJlt  be 
possible  to  distinä:  iish  betv;  c  en  support  and  metal  adsorrtion. 
Both  1.  CS,  o  (exrerixnents  132/1,  ß3/1  and  B1+/1)  and  3.93°oe  (experi:  nerits 
C2/1  -  6)  catalysts  were  studied.  The  other  major  variation  between 
experiments  was  in  the  quantity  of  radiotracer  chlorobenzene  pulsed l; 
over  the  catalyst,  divine;  rise  to  different  initial  adsorption 
values.  Only  the  catalyst  chamber  counter  was  employed  as  the 
gas  phase  activity  during  the  desorptions  was  considered  to  be 
negligible  and  difficult  to  assess  accurately.  Further,  in  an 
exponential  desorption  process,  the  gas  phase  activity  should  be 
proportional  to  the  surface  coverage. 
Table  5.3  lists  the  conditions  pertaining  to  each  experiment. 
The  backöround  count  rate  for  each  experiment  is  included  as  an 
indication  of  the  contamination  of  the  sample  due  to  retained  radio- 
active  species  from  previous  experiments  performed  with  the  same 
catalyst.  Count  rates  of  0.3  to  0.6  s-1  represent  the  normal 
background  obtained  with  a  fresh  sar?  ple. 
Standard  reduction  conditions  were  employed  for  all  catalysts. 
The  semi-log  desorption  curves  are  shown  in  figure  5.3  for 
experiments  32/1,33/1  and  B4/l,  and  in  fiture  5.4  for  experiments 
C2/1  -  6.  To  facilitate  comparison  of  the  curves,  the  adsorption 
levels  are  Given  in  terms  of  molecules  adsorbed  per  mg  rather  than 
count  rates,  as  the  specific  activity  of  the  chlorobenzone-C14  was 
not  uniform  throughout  the  various  experi.  nents.  Experiments 
B2/1,  B3/1,  C2/1  and  2  yielded  less  accurate  data  at  lower  surface 
coverages  due  to  tie  lower  specific  activity  employed. 
As  may  be  seen  frorr,  figures  5.3  and  4,  roost  of  the  semi-lo- 
desorption  curves  resolved  into  two  approximately  straight-line 
regions.  The  slopes  of  these  lines  (  X1  and  X2)  are  ,  riven  in 
table  5.4  aloe,  with  t!:  e  adsorption  level  at  the  point  of  inter- 
section  where  applicable,  and  the  inaximum  adsorption  level  of 
chlorobenzene  observed. 
Figure  5.5  shows  the  complete  count  rate  versus  time  curve 
for  the  catalyst  and  as  counters  during  a  typical-  desorption 
ex-erin-iont  (C2/3). 
5.3.  Chlor"ebenzene  desorptions  from  Pd/Si02  in  11 
D 
flow. 
In  an  attenpt  to  fain  f'urt:  ier  insiüýit  i.  r.  to  the  proceeces  occurring; 
during  tie  calorobcnzone-C111  de,,:  orptionc,  it  was  conoidex  ed  (Icsirable 
to  study  the  desorption  under  non-reactive  conditions.  To  this  end 10, 
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experiments  viere  conducted  under  pulsed  chlorobenzene-C14  flow  con- 
ditions  in  a  nitro-en  carrier  flow,  when  it  was  assumed  that  adsorbed 
chiorobenzene  rather  than  product  benzene  was  observed.  The  observed 
desorption  kinetics  were  slower  than  those  under  hydrogen  flow,  and 
in  several  of  the  experiments  a  hydrogen  flow  was  substituted  for 
the  initial  nitrogen  flow  to  see  if  the  desorption  kinetics  would 
revert  to  those  obtained  with  hydrogen  flow  throughout.  The  ex- 
periments  were  carried  out  with  the  ambient  temperature  reactor/ 
counting  chamber.  Prior  to  each  experiment  in  N2  flow,  the  catalyst 
was  left  overnight  in  a  slow  112  flow  following  standard  reduction 
procedure  or  an  experiment  in  H2  flow.  For  each  experiment,  the 
carrier  as  flow  (N2  or  H2)  was  maintained  at  approximately  2.5  ml  s-l. 
Experiments  Cl/l  and  2.  (see  figure  5.6). 
Both  experiments  were  run  at  299  K  and 
Cl  weighed  240  mC.  In  experiment  Cl/l,  20 
(specific  activity  3.76  x  105  s-l  mmol-1)  w, 
flow.  Following  the  introduction  of  10  pi 
in  experiment  C1/2,  the  N2  flow  was  chanced 
latter  part  of  the  desorption. 
750  torn'  Catalyst  sample 
µl  of  chlorobenzene-C14 
as  introduced  into  the  gas 
of  similar  chlorobenzene-Cl4 
to  one  of  H2  during;  the 
Experiments  Cl/4  and  C2/7.  (see  fiGure"5.7). 
As  the  count  rates  obtained  in  C1/2  were  considered  to  be  unsatis- 
factorily  low,  the  experiment  was  repeated  with  0.5  V1  samples  of 
higher  specific  activity  chlorobenzeno-C14  (C1/4,1.88  x  10$  s-l..  rtmol-1, 
Cl/7,1.51  x  107  s-l  mmol  -1).  Experiment  Ci/4  was  carried  out  at 
301  K  and  758  torr,  and  experiment  C2/7  at  297  K  and  745  tort.  In 
experiment  Ci/tf,  prior  to  the  introduction  of  constant  11 
2 
flow,  a 
1  ml  sample  of  H2  was  injected  into  the  carrier  112  flow. 
Experiment  2/8.  (see  figure  5.8). 
The  experiment  was  carried  out  at  295  K  and  750  torr  in  N2  flow 
throu6hout.  Following;  an  initial  pulse  of  0.7  p1  chlorobenzene-C14 
(specific  activity  1.51  x  107  s-l  nY  of-1  ),  two  further  0.2  pl  pulses 
were  added. i09 
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(see  figure  5.9). 
The  experiment  was  carried  out  at  293  K  and  755  torr.  The  first 
part  of  the  experiment  was  conducted  as  in  experiments  Cl/k  and  C2/7- 
0.5  pl  chlorobenzene-C1!  +  (specific  activity  1.51  x  107  s-1.14mol-1) 
was  introduced  in  N2  flow  followed  by  ii2  flow.  A  sample  of  10  µl 
of  non-radiotracer  chlorobenzene  was  then  introduced  into  the  carrier 
flow  to  test  for  displace:  ient  of  the  adsorbed  radioactive  species. 
Table  5.5  lists  the  data  derived  from  the  desorptions  in  N2  flow. 
and  A2  are  the  rate  constants  for  the  fast  and  slow  sections 
respectively  of  the  desorption  curves  in  N2  flow.  The  point  of 
intersection  referred  to  is  that  of  the  corresponding  "straight-line" 
sections  of  the  curves. 
Table  5.6  gives  the  information  from  the  desorptions  occurring 
after  introduction  of  H2  flow.  A3  is  the  first  order  desorption 
rate  constant  immediately  following  the  start  of-the  112  flow,  and 
x4  the  subsequent  slower  rate  constant  observed. 
The  various  regions  of  the  seui-lo&  curves,  figures  5.6  -  9, 
have  been  labelled  1-4,  corresponding  to  the  nunbering  of  the  rate 
constants.  The  decorptions  associated  with  these  regions  will 
henceforth  be  ter1:  ied  types  1-  1}  respectively.  Table  5.6  also 
lists  the  adsorption  of  species  giving  rise  to  type  4  desorptions, 
obtained  by  extrapolating  the  type  4  curves  to  the  time  of  introduction 
of  the  flow. 
5.4.  Benzene  desorption$  from  Pd/Si02. 
In  these  experiments,  the  desorption  of  benzene-C14  from  a 
Pd/SiO2  catalyst  was  investiCated  by  pulsed  flow  experiments  in 
hydrb￿en  and  nitrogen  carrier  flows.  It  was  intended  to  compare 
the  desorption  kinetics  with  those  observed  with  chlorobenzone-C11E 
to  ascertain  whetiier  or  not  adsorbed  benzene  could  account  for  the 
slower  part  of  these  desorptions  (assumed  to  be  from  the  metal). 
The  experiments  were  performed  using  benzene-C14  of  specific 
activity  7.16  x  106.  s_1  mmol-1.  Tie  normal  carrier  gas  flow  rate 
was  approximately  2.5  ml  s-l. lwj 
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Table  5.6.  Adsorption  and  kinetic  data  from  chiorobenzene 
-C14  desorptions  in  H2  flow,  following  initial  desorption 
in  N2  flowv. 
Experiment  number  C1/2  C1/4  C2/7  C2/10 
Adsorption  at  start  Of 
H2  flow  /  x1015molecule  2.4  0.11  3.9  8.5 
(mg  catalyst)-' 
x10-3  s-1  -  1.8  1.2  0.93 
4  -1  X4  /  x10-  s-1.2  3.4  2.6 
Extrapolated  type  4 
adsorption  at  start  of  1.1  0.022  0.88  6.6 
112  flow  /  x1015 
molecule  (mg  catalyst  )-1 116 
Experiments  C2/11  14  and  15.  (see  figure  5.10). 
The  experimental  conditions  were  as  follows:  C2/11  -  292  K, 
755  torr;  C2/ltf  -  291  K,  751E  torr;  C2/15  -  295  K,  749  torr. 
In  experiment  C2/11,2.5  µl  (2.02  x  105  s-1)  benzene-C14  was 
injected  into  the  H2  carrier  flow,  which  was  constant  throughout. 
The  observed  desorption  curve  appeared  to  be  ill-defined  and 
did  not  resolve  into  the  clearly  defined  regions  of  the  chlorobenzene 
desorptions.  This  was  attributed  to  a  reluctance  of  the  benzene 
to  adsorb  on  the  metal.  If  this  hypothesis  was  correct,  a  longer 
time  of  contact  between  the  benzene-C14  and  the  catalyst  was 
expected  to  increase  the  aiaount  of  slowly  desorbed  species.  To 
this  end,  in  experiments  C2/11+  and  15,  an  initially  slow  11 
2 
flout 
was  used  (approximately  0.1  ml  s-1),  into  which  was  injected  2µl 
(1.61  x  105  s-1)  benzene-C14.  The  normal  H2  flow  was  subsequently 
resumed  after  900  s  and  2400  s  respectively. 
Experiment  C2/16.  (see  figure  5.11). 
The  experiment  was  carried  out  at  295  IC  and  750  tort.  2  µ1 
benzene-C14  (1.61  x  105  s-1  )  was  injected  into  an  initially  slow 
N2  flow  (approximately  0.1  ml  s-1).  The  flow  rate  was  then  returned 
to  normal  and  aH2  flow  substituted  at  the  point  indicated  in  the 
diagram. 
Experiment  C(see  figure  5.12). 
Asounin,  that  the  observed  species  during  the  slow  chlorobenzene 
desorptions  in  hydrogen  flow  was  due  to  benzene  or  a  benzene  derivative 
adsorbed  on  the  metal,  by  analogy  with  experiment  C2/10  (see  section  5.3), 
benzene-C14  adsorbed  on  the  metal  should  also  be  displaced  by  non- 
radiotracer  chlorobenzene. 
The  experiment  was  carried  out  at  294  K  and  753  torn. 
2  µl(1.61  x  105  s-1)  benzene-C14  was  injected  into  an  initially 
slow  H2  carrier  flow,  subsequently  increased  to  the  normal  flow 
rate  as  in  experiments  C2/lk  and  15.  At  the  point  indicated  in 
the  diagram,  1Gµ1  non-radioactive  chlorobenzene  was  injected  into 
the  112  flow. 
The  slopes  of  the  various  "straight-line"  sections  of  the 117 
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semi-log  desorption  plots,  fiGures  5.10,11  and  12,  were  measured 
and  recorded  in  table  5.7.  The  values  of  X  given  correlate  with 
the  numeration  used  in  the  fiGures.  The  count  rates  recorded  in 
the  table  correspond  to  the  features  labelled  in  the  respective  plots. 
Experiment  C2/13.  (see  figure  5.10). 
In  a  further  attempt  to  identify  the  slowly  removed  species  during 
the  hydrogen  flow  chlorobenzene  desorptions,  a  pulse  composed  of  2  µ1 
non-radioactive  chlorobenzene  and  2pl  benzene-C1)+(1.61  x  105  s-1) 
was  injected  into  a  normal  hydrogen  carrier  flow.  It  was  hoped  to 
demonstrate  on  exchange  between  the  radiotracer  benzene  and  product 
non-radiotracer  benzene  adsorbed  on  the  metal  in  the  latter  part  of 
the  desorption. 
The  slope  of  the  latter  part  of  the  semi-log  desorption  curve 
and  the  adsorption  at  the  start  of  this  region  are  given  in  table  5.7. 
5.5.  Chlorobenzene  desorptions  from  Pd  black. 
Crloroberzene-C14  desorptions  were  conducted  in  hydrogen  flow 
with  palladium  black  as  the  adsorbent.  The  powdered  metal  was  used 
to  eliminate  effects  due  to  support  adsorption. 
The  Pd  black  catalyst,  sample  PdBl  (235  mg),  was  reduced  under 
standard  conditions,  and  the  normal  carrier  as  flow  rate  eiployed 
was  again  2.5  ml  s-1.  All  experiments  were  carried  out  at  approximately 
292  K  and  757  torr. 
Experiments  PdB1/1,2  and  3.  (see  fiCure  5-13)- 
1  10  P1  3.7  x  10k  s-1)  and  0.9  ill  (1.6  x  105  s-1)  cnlorobenzene  -C14 
were  injected  into  a  normal  H2  carrier  flow  in  experiments  PdBl/l  and  2 
respectively.  In  an  attempt  to  increase  the  extent  of  adsorption 
experiment  PdBl/3  used  an  initially  slow  (approximately  0.1  ml  --l) 
I12  carrier  flott:,  into  which  was  injected  0.5  µ1  (8.7  x  104  s-1)  chioro- 
benzone-C14,  normal  H2  flow  beine  resumed  after  450  s. 
Exnerinlents  Pd31/4  and  5.  (see  figure  5.1'+). 
Here,  an  increased  amount  of  adsorption  was  achioved  by  repeated 
dosage  of  radiotracer  pulses. ' 
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In  experiment  PdBl/4  a  total  of  110  ul  (4.07  x  105  s-1)  chloro- 
benzene-C14  was  passed  over  the  catalyst  in  normal  112  flow,  in 
7x  10  µl  and  2x  20  µ1  samples.  The  rate  of  evaporation  of  the 
last  3  chlorobenzene-C14  samples  was  increased  by  warming  the  area 
of  the  flow  system  in  which  the  liquid  sample  sat  after  injection. 
3x0.3  µl  (total  1.6  x  105  s-1)  chlorobenzene  samples  were  used  in 
experiment  PdBl/5  without  heating.  In  both  experiments  the  tunes 
of  injection  of  each  sample  are  indicated  by  arrows  in  figure  5.11. 
Table  5.8  lists  the  initial  and  final  slopes  and  the  surface 
coverage  at  the  point  of  intersection  between  the  corresponding 
straight-line  regions  of  the  curves  of  figures  5.13  and  14,  excepting 
PdBl/2,  where  the  semi-log  plot  was  insufficiently  resolved  for 
meaningful  analysis. 
5 
. 
6.  High  ten.  rerature  chlorobenzene  desorptions. 
The  high  temperature  experiments  were  designed  to  test  the 
variation  of  the  desorption  rates  with  temperature  and,  if  possible, 
find  values  for  the  apparent  energy  of  activation  for  the  desorption 
from  the  Pd/Si02  catalyst  and  a  sample  of  the  silica  support.  The 
experiments  were  performed  with  the  high  temperature  counting/reaction 
chamber  (figure  4.4)  at  atmospheric  pressure.  As  the  component  of 
the  observed  count  rate  due  to  gas  phase  radioactivity  was  difficult 
to  assess  at  lour  surface  coverages  with  this  counting  chamber,  no 
attempt  was  made  to  follow  docorption  kinetics  at  love  surface  coverages. 
The  results  given  relate  to  the  initial  desorption  rates  only. 
Ex;  eriraents  C3/1  -  6. 
Catalyst  sample  C3  5354  mg)  was  reduced  under  standard  conditions. 
The  desorptions  were  studied  by  passing  2  V1  (7.4  x  103  s-1),  samples 
of  chlorobenzene-C14  over  the  catalyst  in  a  2.5  nil  s-1  11 
2  carrier  flow. 
The  desorption  curves  obtained  are  shown  in  figure  5.15.  The  desorption 
rate  constants  calculated  from  the  semi-lob  plots  are  given  in  table 
5.9(a).  Ficure  5.16  shows  a  plot  of  In  (deUorption  rate  constant) 
versus  1/  (termcrature)  for  experiments  C3/1  -  4.  Experiments  C3/5  and  6 
are  omitted  from  this  plot  as  they  probably  correspond  to  the  flow 
pattern  of  the  chlorobenzene  sample  through  the  chamber  rather  than 12 
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Table  5.9.  High  temperature  desorption  rate  constants. 
Experiment  number  C3/1  C3/2  C3/3  C3/4  C3/5  C3/6 
Temperature  /K  300  339  352  362  378  394 
/  x10-3s-1  1.03  2.25  3.15  4.57  6.52  6.31 
(a)  Chlorobenzene  desorption  from  Pd/Si02. 
Experiment  number  BS2/1  BS2/2  BS2/3  BS2/4  BS2/5 
Temperature  /K  402  408  425  438  448 
/  x10`3s-1  0.494  0.548  0.772  1.14  1.45 
(b)  Chlorobenzene  desorption  from  silica. 131 
the  desorption  process.  A  value  for  the  apparent  energy  of  activation 
of  the  desorption  process  was  calculated  by  the  Arrhenius  equation: 
k=A  exp(  -  EA/RT),  where  k=  rate  constant,  A=  pre-exponential 
factor,  EA  =  energy  of  activation,  R=  gas  constant  and  T=  temperature. 
i.  e.  lnIt=EA+1n  A. 
-RT 
A  plot  of  In  (rate  constant)  versus  1/T  should  therefore  have  a 
slope  of  -  EA/R.  From  the  LSA  slope  of  figure  5.15,  the  apparent 
energy  of  activation  was'  20.6  1  2.5  10  mol-l. 
Experiments  BS2/1-5. 
A  296  irg  sample  of  Aerosil  silica  was  used  to  study  chlorobenzene-C14 
adsorption  over  the  temperature  range  408  -  448  K.  As  the  desorptions 
were  considerably  slower  than  from  the  Pd/SiO 
2  catalyst,  the  higher 
temperature  range  used  gave  more  convenient  desorption  rates.  The 
semi-log  desorption  curves  obtained  are  shown  in  figure  5.17.  The 
rate  constants  obtained  are  listed  in  table  5.9(b),  and  the  Arrhenius 
plot  is  given  in  figure  5.18.  The  LSA  value  calculated  for  the  apparent 
energy  of  activation  of  the  desorption  was  35.3  *  2.2  kJ  mol-. 
l 
5.7.  Flow  -ratterns  and  catalyst  reactivity. 
Floe!  patterns. 
It  was  necessary  to  determine  whether  or  not  any  of  the  effects 
observed  in  the  desorption  studies  could  be  attributed  to  tie  flow 
characteristics  of  the  system  rather  than  the  desorption  proce£s  under 
study. 
Samples  of  3  µl  (1.11  x  104  s-1)  chlorobenzene-C14  were  injected 
into  a  2.5  ml  s-1  H2  carrier  flow  to  pass  through  the  ambient  temperature 
and  the  high  temperature  counting/reaction  chambers  in  separate 
experinents.  No  catalyst  or  adsorbent  was  present  in  either  case. 
The  resultinC  count  rate  versus  time  plots  are  shown  in  fiCuro  5.19. 
In  both  cases  the  passage  ei'  the  radiotracer  pulse  tarou6,  i  the  system 
v;  as  considerably  faster  than  the  desorption  processes  studied. 132 
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Catalyst  activitiee. 
In  the  pulsed  flow  desorption  experiments,  -no  measure  of  catalytic 
activity  was  made. 
The  activities  of  catalysts  C  and  PdB  were  therefore  tested  under 
constant  chlorobenzene/H2  flow  conditions.  Both  catalysts  were  tested 
in  the  ambient  temperature  reactor,  and  catalyst  C  at  296  K  and  425  K 
in  the  high  temperature  reactor.  The  products  were  collected  over 
intervals  of  36  minutes  and  analysed  spectroscopically.  The  results 
are  Given  in  table  5.10.  Each  catalyst  sample  used  was  reduced  under 
standard  conditions. I 
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Part  B.  Ethylene  Studies. 
The  experiments  described  in  sections  9  to  15  made  use  of  both 
counting  ratemeter  coupled  to  a  chart  recorder,  and  the  fast  counting 
system  (FCS)  to  record  experimental  data.  In  experiments  where  only 
ratemeter  data  is  given,  this  is  normally  due  to  malfunctioning  of 
the  fast  counting;  system.  Under  these  circumstances,  the  ratemeter 
data  has  been  presented  if  it  contained  material  of  sufficient 
interest.  The  relevant  sections  of  the  fact  counting  system 
printout  are  liven  in  table  5.19,  experiments  included  in  this 
table  being  narked  with  an  asterisk  in  the  text.  No  FCS  data 
we  available  for  the  experiments  of  section  $. 
Unless  otherwise  stated,  standard  catalyst  reduction  conditions 
were  used  i.  e.  5  hours  in  H2  flow  at  423  K. 
5.8.  Preliminary  studies  on  Pt/SiO 
2. 
Experiment  F21I. 
This  experiment  was  of  an  exploratory  nature  to  find  reaction 
conditions  for  an  ethylene/hydrogen  reactant  flow  passing  over  a 
sample  of  catalyst  F(3.935ý',  Pt/5102)  giving;  a  suitable  conversion 
to  ethylene.  290  mg  of  catalyst  were  used  in  reactor  A,  and  reduced 
at  473  K  for  4  hours  in  Ii2  flow.  The  pressure  during  reaction  was 
maintained  at  760  torr  and  the  temperature  at  292  K.  The  total 
reactant  flow  rate  was  varied  between  0.83  ml  s  and  7.15  ml  s-1, 
and  the  ethylene  partial  pressure  from  75  torr  to  350  torn.  In 
all  cases  the  conversion  to  ethane  was  found  to  be  greater  than 
99.9%.  The  maximum  reaction  rate  observed  was  4.0  ml  ethylene  s-l. 
Experiments  F5/1,2,3  and  5. 
The  experiments  described  here  represent  an  attempt  to  obtain 
a  desorption  curve  following  the  passage  of  ethylene-C14  pulses 
over  the  Pt/si02  catalyst.  The  dccorptions  of  primary  interest, 
,.  suitable  for  an  application  of  the  time  dependent  tracer  dynamic 
method  described  in  section  2.14,  would  have  ccrrespgnded  to  the 
form  of  adsorbed  hydrocarbon  active  in  the  hydrogenation  reaction. 136 
Such  desorptions  should  have  been  rapid,  forming  a  tail  to  the  count 
rate  versus  time  plot  during  the  passage  of  the  radiotracer  pulse. 
In  each  experiment,  only  a  slow  desorption  process  was  observed. 
Experiments  with  the  Pt/SiO 
2  catalyst  were  therefore  curtailed  and 
for  the  reasons  given  in  section  3.3,  subsequent  experiments  were 
performed  with  an  Ir/SiO 
2  catalyst. 
Using  reactor  B,  pulses  of  ethylene-C14  (specific  activity 
6  -1  -1  3.11  x  10  sm  mol  )  in  a  H2  carrier  flow  were  passed  at  various 
temperatures  over  an  84  mg  sample  of  catalyst  F.  A  typical  pair  of 
count  rate  versus  time  plots  for  the  catalyst  and  gas  chambers  are 
shown  in  figure  5.20  for  the  passage  of  the  pulse  through  the  system 
(F5/5).  The  conditions  for  each  experiment  and  results  pertaining 
to  the  passage  of  the  initial  pulses  are  given  in  table  5.11.  The 
values  RI,  given  in  this  table  refer  to  the  ratio  of  the  net  counts 
observed  which  occurred  from  adsorbed  species  on  the  catalyst  to  the 
net  counts  observed  from  the  gas  counting  chamber.  Allowance  was 
made  for  the  gas  phase  counts  observed  from  the  catalyst  chamber  by 
the  method  described  in  Section  4.5.  The  maximum  reversible 
adsorption  values  given  were  calculated  from  the  maximum  count  rates 
observed  in  the  catalyst  chamber,  making  allowance  for  the  gas  phase 
count  rate,  as  for  RI,  and  the  count  rate  due  to  retained  species. 
The  count  rate  values  obtained  were  converted  to  adsorption  values 
(molecules  adsorbed  per  mg  catalyst)  from  the  conversion  factors 
given  in  table  1+.  3. 
Follotiwin;;  the  passage  of  the  ethylene-C14  pulse  in  each  experi:  aent, 
it  was  found  that  some  radioactive  species  were  retained  by  the  catalyst. 
Part  of  this  activity  was  slowly  desorbed  at  the  temperature  of  the 
experiment,  and  the  respective  semi-log  slow  desorption  curves  for 
F5/1,3  and  5  are  shown  in  figure  5.21.  ;  Where  the  semi-loh  curve 
divided  al  proximately  into  two  11straiGht-line"  reLions,  the  Gradients 
of  the  slow  and  fast  sections  (labelled  1  and  2  respectively)  are 
given  in  table  5.12.  The  adsorption  at  the  intersection  between 
those  regions  is  OiVon  as  I  in  the  saue  table.  The  "conta.  ninnti  nn', 
value  riven  refers  to  the  number  of  ethylene-C14  ::  olccules,  equivalent 
in  activity  to  the  background  count  rate  at  the  beýinninZ>  of  the 137 
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experiment.  The  "initial  retention"  is  the  number  of  ethylene-C14 
molecules  equivalent  to  the  count  rate  observed  immediately  following 
the  tracer  pulse,  and  the  "final  retention",  that  to  which  it  falls 
when  left  in  H2  flow  at  the  temperature  of  the  experinent.  Following 
each  experiment,  the  catalyst  was  heated  at  393  K  for  2  hours  in 
H2  flow,  and  the  adsorption  level  remaining  after  this  treatment  is 
given  in  the  table. 
In  experiment  F5/2,  at  the  point  indicated  in  figure  5.22,  the 
H2  flow  was  changed  to  one  of  1  ml  s-1  H2,0.6  ml  s-1  non-radioactive 
ethylene.  The  count  rate  fell  rapidly  from  the  equivalent  of 
2.6  x  10 
15 
molecule  mö-1  to  6.3  x  101  molecule  mg-l,  and  subsequently 
rose  slowly  to  9.7  x  1014  molecule  mg-1  on  resuming  the  initial  H2 
flow. 
In  all  experiments  the  conversion  of  ethylene  to  ethane  was 
greater  than  99.9%.  The  "tailing"  found  during  the  initial  ethylene-C14 
pulse  could,  in  each  case,  be  attributed  to  the  ratemeter  time  constant 
rather  than  a  desorption  process.  It  was  not  possible,  therefore, 
to  distinguish  any  rapid  desorption. 
5.9"  Preliminary  studies  on  Ir/Si02. 
These  experiments  were  again  of  an  exploratory  nature,  in  an 
attempt  to  observe  rapid  desorption  processes  from  an  Ir/Si02  catalyst 
under  a  variety  of  flow  conditions.  As  in  the  case  of  the  platinum 
catalyst,  taese  processes  were  not  observed,  although  perseverence  in 
ovine  to  lower  temperatures  (see  section  5.10)  did  eventually  produce 
the  type  of  curve  desired. 
The  catalyst  sample,  G1,  used  in  these  experiments  was  95  z,,,,,  of 
L.  77',  ä  Ir  on  silica  reduced  under  standard  conditions. 
Exreriment  G1-/l. 
An  11  s  rectangular  pule  of  ethylene-C14  (85  torr)/Ii2(695  torr) 
was  passed  in  a  2.2  ml  s-1  112  carrier  flow  over  the  catalyst  bed  at 
267  K  and  730  torr.  The.  count  rate  versus  time  plots  obtained  are 
shown  in  figure  5.23.  The  niaximuin  reversible  adsorption  observed 
during  the  initial  tracer  pulse  was  2.5  x  1016  molecule  Mg-1.  The 
initial  retention  following  this  pulse  was  3.9  x  10 
15 
molecule  mg-l. r,  3 
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Figur.  Experiment  G1/1,  count  rate  versus  time 
plots  from  rateneter  output,  for  (a)initial  ethylene- 
C14  pulse  and  (b)  subsequent  slow  desorption. 
time/  s 1;  li  ýi 
which  slowlj  fell  to  a  value  of  7.0  x  1014 
-  olecule  me-l.  The 
semi-log  decay  curve  between  these  values,  based  on  a  back  round 
count  rate  of  1.55  s-1  55  s  and  shown  in  figure  5.22(b),  divided  into 
two  appro;  Wtiately  straiGht  line  reGions  with  rate  constants 
1.1  x  10-3  s^1  and  3.1  x  10-4  s-1.  The  intersection  between  these 
regions  occurred  at  1.9  x  1015  molecule  mg 
1. 
The  conversion  of 
the  ethylene  pulse  to  ethane  was  greater  than  99.95ä. 
E:  c  oriment  Gl/2. 
An  11  s  rectan-ular  pulse  of  ethylene-C14(99  torr)/H2(681  torr) 
was  passed  over  the  catalyst  in  a  2.1  ml  s  constant  flow  of 
et:  iylene(lC0  torr)/112(680  tort).  Considerable  difficulty  was  found 
in  maintaining  a  constant  temperature  due  to  the  exothermic  reaction, 
so  that  it  was  not  possible  to  monitor  the  desorption  of  retained 
radioactivity  under  these  conditions,  The  temperature  during  the 
pulse  was  301  X.  The  count  rate  versus  time  curve  observed  for 
the  catalyst  cha:  iiber  is  shown  in  figure  5.24. 
The  maximum  reversible  adsorption  during  the  pulse  was  found  to 
be  2.8  x  1016  molecule  mg-1  and  the  initial  retention  following  the 
pulse  was  2.2  x  1015  molecule  rag  "  After  heating  the  sample  to 
393  K  for  2  hours  in  H2  flow,  the  retained  radioactivity  fell  to 
2.4  x  1014  molecule  mg-l.  The  conversion  of  ethylene  to  ethane 
during  the  initial  constant  ethylene/FI2  flog  was  greater  than  99.9°j" 
Exrerimp  t  Gam. 
A  12  s  pulse  of  ethylene-C14(64  torr)H,?  (716  torr)  ,.  as  passed 
over  the  catalyst  (at  263  I:  )  in  a  1.92  ^i1  s  flow  of  H2.  The 
count  rate  versus  time  plot  for  the  catalyst  chamber  i,;  crown  in 
figure  5.25. 
The  initial  tracer  injection  is  indicated  by  A  in  this  fiL;  uro, 
and  3  marks  the  ti:.  ie  at  w.  lich  the  unused  ; portion  of  the  radiotracer 
camFle  in  t:.  e  injection  loop  was  passed  over  the  catalyst.  The 
convorciun  of  01---y-lone  to  ethane  for  eacli  of  tne:  e  pulse3  was  greater 
than  99.9,  °,.  At  C,  D  and  E,  60  s  pulses  of  inactive  ethylene  (253  torn)/ 
I; 
2(52? 
torr)  were  injected  into  the  carrier  flow.  Each  of  these 1-tý5 
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pulses  resulted  in  an  initial  fast  reduction  in  the  count  rate  followed 
by  a  slow  increase.  At  F,  an  80  s  pulse  of  ethylene  without  H2  was 
introduced  into  the  carrier  flow.  Only  a  relatively  small  decrease 
in  count  rate  was  observed  initially,  followed  by  a  rise  almost  to 
the  oriGinal  level.  On  resumption  of  the  H2  flow  at  the  end  of  the 
pulse,  . Narked  by  G  in  the  diagram,  a  much  larger  decrease  in  the  count 
rate  was  observed. 
The  reversible  adsorption  maximum  during  the  ethylene-C14  pulses 
corresponded  to  2.2  x  1016  molecule  mg-1  and  1.5  x  1016  molecule  mg-1 
respectively.  The  adsorption  maximum  observed  for  the  retained  species 
was  2.1  x  1016  molecule  mg-1.  Heating  for  2  hours  at  393  K  in  H2 
flow  reduced  the  retained  radioactive.  species  to  1.0  x  1015  molecule  mgý1. 
" 
Experiment  Gl/k. 
A  110  s  pulse  of  ethylene-C14(71  torr)/H2(709  torr)  was  passed 
over  the  catalyst  at  263  K  in  a  0.18  ml  s-  H2  carrier  flow.  The 
conversion  of  the  ethylene  to  ethane  was  greater  than  99.995.  This 
pulse  is  indicated  by  A  in  figure  5.26c  At  point  B,  the  unused  tracer 
sample  in  the  injection  loop,  of  irregular  composition  (mean  values 
25  torr  ethylene-C14,755  torr  H2)  was  passed  over  the  catalyst.  The 
maximum  adsorption  observed  during  these  pulses  was  2.2  x  1016  molecule  mg 
and  1.0  x  10i6  molecule  mg-1  respectively.  The  retained  species  observed 
following  the  initial  pulse  corresponded  to  5.8  x  1015  molecule  mg-1. 
At  Ca  100  s  inactive  ethylene(64  torr)/H2(716  torr)  pulse  was 
introduced,  resulting  in  a  reduction  in  count  rate  corresponding  to 
4.7  x  1015  molecule  mg-1.  Corresponding  to  this  desorption,  a  small 
peak  was  observed  in  the  gas  phase  count  rate.  Between  points  D  and  E, 
the  catalyst  temperature  was  raised  to  313  K,  the  retention  falling  to 
2.2  x  1015  molecule  mg-1.  A  100  s  non-radioactive  ethylene(98  torr)/ 
112(682  torr)  pulse  introduced  at  F  produced  no  observable  reduction 
in  count  rate.  Heating  at  393  K  in  112  flow  for  2  hours  reduced  the 
retention  to  1.5  x  1015  molecule  mg-1. 
Ex  }crime_nt  G1&. 
A  13  s  pulse  of  ethylene-C11j.  (75  torr)/II2(705  torr)  was  passed 
over  the  catalyst  at  296  K  in  a  1.66  ml  s-1  flow  of  hydrogen,  with 
Greater  than  99.9%  conversion  of  ethylene  to  ethane.  The  count  rate ,, 
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Fire  5.27.  Experiment  G1/6  -  count  rate  versus  time. 
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FI,  ure  5.28.  Experiment  G1/7  -  catalyst  count  rate 
versus  time. 
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versus  tii.  ic  plots  are  shown  in  figure  5.27(a).  The  rsaý:  imura  reversible 
adsorption  observed  was  1.7  x  1016  molecule  : ugrl,  and  the  value  of  RI 
calculated,  0.324. 
Figure  5.27(b)  shows  the  catalyst  count  rate  versus  tirre  plot 
obtained  followinn  the  introduction  of  the  remaininL;  tracer  sample 
from  the  injection  loop  (average  composition  30  torr  ethylene,  750  torr 
H2  over  18  s).  The  initial  count  rate  observed  following  this  pulse 
was  equivalent  to  1.31  x  1016  molecule  mg-1.  The  subsequent  slow 
desorption  process  to  5.9  x  1015  :  rolecule  mg-1_is  shown  in  figure  5.29. 
The  initial  and  final  first  order  rate  constants  were  1.9  y  10-4  s-l 
and  5.3  x  10-5  s-1  respectively.  After  heating  to  393  K  for  2  hours 
in  H2  flow,  the  residual  adsorption  was  reduced  to  1.4  x  10  molecule  rig-1. 
1 
Experiment  G1/7- 
As  this  experiment  was  to  be  carried  out  in  He  floss,  the  catalyst 
was  first  heated  to  400  K  for  5  hours  in  He  flow.  A  15  s  pulse  of 
ethylene-Cl4(69  torr)/He(711  torr)  was  passed  over  the  catalyst  at 
296  K  iii  a  1.0  ml  s-1  carrier  He  flow.  Less  than  0.11,  b  conversion 
of  ethylene  to  ethane  was  observed.  The  maximum  reversible  adsorption 
observed  durln6  this  pulse  (shown  in  figure  5.28(a))  was  1.92  x  1016 
molecule  mg  .A  value  of  RI  was  calculated  as  0.11. 
Following  the  intoduction  of  the  remainder  of  the  ethylene-C14 
sample  (::  lean  composition  36  torr  ethylene,  744  torr  He  over  30  s), 
the  retention  was  found  to  be  2.03  x  10i6  molecule  mg-1,  which  fell 
to  2.01  x  101b  r.  cilecule  nG-1  over  900  s.  The  He  flow  was  replaced 
with  a  2.2  ml  s-1  H2  flog;  at  the  point  indicated  in  figure  5.28(b), 
resultinZ'  in  an  initial,  rapid  drop  of  1.9  x  1015  molecule  ,n 
-1. 
The  subsequent  slow  desorption  is  snown  in  figure  5.29,  having  initial 
and  final  first  order  rate  constants  1.5  x  10-4  s-1  and  4.2  x  10-5  r-l. 
The  final  adsorption  value  obtained  was  1.1  x  10  molecule  mg- 
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retained  radioactivity. 
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expectation  that  a  rapid  desorption  process  would  be  observed  at 
sufficiently  low  temperatures.  Pulses  of  ethylene-C14  were  passed 
in  an  H2  carrier  flow  over  an  888  mg  sample  of  4.77%  w/w  Ir  on  silica 
catalyst,  reduced  under  standard  conditions.  With  the  exceptions 
of  experiments  G2/6  and  8,  these  pulses  were  rectangular.  In  all 
cases,  the  conversion  of  ethylene  to  ethane  was  greater  than  99.9%. 
The  experimental  conditions  and  data  derived  from  the  initial  passage 
of  the  pulses  over  the  catalyst  are  given  in  table  5.20. 
Only  in  the  cases  of  experiments  G2/l,  5  and  7  was  it  possible 
to  make  a  Idnetic  analysis  of  the  desorption  process  immediately 
following  the  tracer  pulse.  These  desorption  curves  are  shown  in 
figure  5.30,  and  the  LSA  values  of  the  desorption  rate  constants 
calculated  (k)  are  given  in  table  5.13.  In  other  experiuents.  the 
pulse  shape  approximated  to  that  expected  with  no  adsorption  occurring 
The  desorption  curves  obtained  for  the  radioactivity  retained 
after  the  passage  of  the  tracer  pulse  are  shown  in  figures  5.31  and  32. 
most  of  the  semi-log  curves  resolved  into  approximately  "straight  line" 
regions.  Table  5.14  lists  the  data  derived  from  these  curves,  with 
the  rate  constants  grouped  into  three  categories,  X 
1,  A2  and  A3 
respectively,  according  to  their  magnitude  and  the  temperature  of  the 
experiment.  The  adsorption  levels  at  the  intersection  between  these 
regions  are  given  as  I1  (between  lines  of  slope  A1  and  A 
2)  and 
I2  (between  lines  of  slope  A2  and  A 
3). 
Betwee-i  experiments,  the  catalyst  was  heated  to  393  K  for  2  hours 
in  112  flow  to  remove  retained  radiotracer. 
In  experiment  G2/7,  shortly  after  the  passage  of  the  tracer  pulse, 
the  temperature  was  raised  slowly  from  the  reaction  temperature  of 
239  K  to  327  K  and  then  returned  to  273  K.  Figure  5.33  shows  the 
resulting  desorption  curve,  annotated  at  intervals  with  the  catalyst 
temperature. 
5.11.  Adsorption  on  Ir/Si02  -  Dependence  on  ethylene  pressure. 
Exreriments  Cý3  1  G4/1  3*.  4  and  G5/1. 
It  was  intended  in  this  section  to  study  the  adsorption  occurring 
rr:  ien  samples  of  both  si,  ialler  and  larder  partial  pressures  of  othyleno I.  vv 
Table  5_.  15_.  'Experiments  G3/1,  G4/1  and  3.  Conditions 
and  results. 
Experiment  number  G3/1  G4/3  G4/1 
Temperature  /K  253  252  252 
Total  pressure  /  torr  780  780  780 
Catalyst  weight  /  mg  86  108  108 
Ethylene-014  partial  9.6  14.0  81 
pressure  in  pulse  /torr 
Pulse  length  /s  12  11  12 
Maximum  reversible 
adsorption 
/  0.28  0.12  24.2 
x1016moleeulo  me' 
R1  0.50  0.32  2.51 
Contamination  0  1  74  0 
x1015molecule  me 
1  . 
i  ir-I  r.?  tenti.  on  / 
5.2  5.3  17  8 
x1015molecule  ug  . 
M  . xiraum  retention  /  -5.6  6.4  18.2 
xi  O1'5uolocule  mg,  -1 
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Figure  .  34.  Experiments  G3/1  &  G4/3  -  catalyst  count 
rate  versus  time. 
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Figure  5.35.  Experiment  G4/1.  Catalyst  count  rate  versus 
time. 
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than  used  in  the  jrevious  experiirents  were  passed  over  the  catalyst. 
The  experimental  conditions  and  results  are  given  in  table  5.15  for 
experiments  G3/1,  G4/1  and  3,  where  two  samples  of  low  and  one  of 
normal  ethylene  content  were  used.  The  catalyst  count  rate  versus 
time  plots  are  shown  in  fiGures  5.34  and  35. 
Experiment  G4/4  was  carried  out  under  similar  conditions  to  the 
previous  runs,  at  252  K  and  780  torr  but  with  an  ethylene  partial 
pressure  of  349  torr.  During;  the  passage  of  an  11  s  pulse  of  this 
composition  over  the-catalyst'  in  a  2.5  ml  s-1  H2  carrier  flow,  the 
ilelinex  counting  window  melted,  presumably  due  to  catalyst  heating 
(softening  point  of  Melinex  ^523  K),  and  the  experiment  was  abandoned. 
Under  the  same  conditions,  a  pulse  of  142  torr  ethylene  was  used  in 
experiment  G5/1,  resulting  in  a  similar  window  melting  and  abandonment 
of  the  experiment. 
5.12.  Gas  phase  count  rate  contribution. 
Experiments  G6/2  and  1. 
During  the  passage  of  a  radiotracer  pulse  through  the  catalyst 
countin  cha,  nber,  it  was  desirable  to  know  the  contribution  of  gas 
phase  radioactivity  to  the  observed  count  rate  (see  section  k.  5). 
Trial  experiments  with  carbon  dioxide-Cltj  had  proved  unsuccessful, 
and  the  followinG  procedure  was  adopted. 
A  pulse  of  ethylene-C14  was  passed  through  the  reactor  with  the 
catalyst  bed  in  the  normal  position,  as  shown  in  figure  4.16 
(expperinent  GG/4).  A  similar  radiotracer  ethylene  pulse  was 
used  with  the  reactor  inverted,  causing  the  catalyst  saaple  to 
cover  the  counting  ::,  int;  ow  (ex-  eriiaent  G6/2).  The  resulting  curves 
obtained  for  catalyst  chamber  count  rate  versus  tixe  are  shown  in 
fi,,  ure  5.36(a)  for  the  initial  et_zylene-Clip  pulse,  and  figure  5.36(b) 
for  the  ensuing  slow  decorations. 
In  each  of  tiitse  e..  eri:  aünts,  the  ca.  ae  nu.  iber  of  counts  should 
have  been  obtained  from  the  adsorbed  ;  hale.  In  ex!;  erirent  GG/2, 
where  the  catalyst  cap,  le  was  in  c,  irect  contact  with  the  countinG 
window,  however,  the  das  phase  contribution  to  the  observed  courito 
could  oi'fecti  vely  be  .  Ict;  lected.  The  difference  in  the  value  of  the 
ratio  l: 
I  for  the  two  ex,,  erinients  siiuuld  therefore  Live  the  ratio  of 1'J  ti 
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Figure  5.36.  Experiments  G6/2  &4-  catalyst  count  rate 
versus  time. 
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Table  5.16.  -Experiments  G6/2  and  4.  Conditions 
and  results. 
Experiment  number  G6/2  G6/4 
Catalyst  weight  /  mg  90  90 
Temperature  /K  297  297 
Total  pressure  /  torr  780  780 
Ethylene-C14  partial  pressure  74  74 
in  pulse  /  torr 
Pulse  length  /s  11  11 
Maximum  reversible  adsorption/ 
x101  molecule  mg 
1  1  "30 
Net  catalyst_  chamber  counts  observed  0.222  0.693 
Net  gas  chamber  counts  observed 
Contamination  /x1015molecule  mg  -1  0.65  0.71 
Initial  retention  / 
x1015molecule  mg 
1  14.2  24.2 
X1/  x10-3  s-1  2.3  3.4 
A2/  x10-4  s-1  -  6.1 166 
cas  phase  counts  observed  in  the  catalyst  chamber  to  those  observed 
in  the  as  counting  chamber.  The  experinental  conditions  and  results 
are  Given  in  table  5.16. 
5.13.  Adsorption  on  silica. 
regiments  BS3/1  2345i7 
To  aid  interpretation  of  the  experironts  in  which  ethylene-C14 
was  adsorbed  on  letal-on-silica  catalysts,  it  was  necessary  to  determine 
the  adsorption  characteristics  under  sinilar  conditions  of  ethylene  on 
the  support  material  in  the  absence  of  the  metal  component. 
A  sample  of  the  Aerosil  silica  used  for  the  catalyst  preparations 
was  subjected  to  the  same  treatment  as  the  catalyst  samples,  i.  e.  slurry 
formation,  drying  and  grinding.  In  experiment  BS3/l,  a  62  mg  sample 
of  this  silica  was  placed  in  the  reactor,  and  without  further  heat 
treatment,  a  pulse  of  ethylene-C14  was  passed  over  it  in  H2  flow. 
Prior  to  experiment  BS3/2,  the  sample  was  heated  to  k23  Y  for  5  hours 
in  H2  flow.  Five  ethylene-C14  pulses  were  then  passed  over  the  catall'st 
at  different  temperatures.  In  all  cases,  some  retention  of  radioactive 
species  was  observed,  and  the  sample  was  heated  to  393  K  for  2  hours 
between  experiments  to  remove  as  much  of  this  conta..  iiaation  as  possible. 
^x:  criment  BS3/5  was  run  under  similar  conditions  to  BS3/4,  with  the 
exception  of  a  He  flow  beine  substituted  for  one  of  H2,  and  the  silica 
sample  bein&  heated  in  He  flow  for  2  hours  at  393  K  prior  to  co:  ienceiaont 
of  t::  e  cx:  )eriment.  The  FCS  fast,  initial  desorption  curves  are  Given 
in  figures  5.37(a),  3v°(a)  and  39(a),  and  the  respective  slow  desorptions, 
when  these  were  followed,  in  figures  5.37(b),  33(b)  and  39(b).  Table 
5.17  -.  ives  to  experimental  conditions  and  data  from  the  paosa-e  of 
the  etl:  ý  le::  e-C14  pulses.  Data  re1atiii;;  to  the  cloy;  dosorptions  ore 
Liven  in  table  5.13.  F  inure  5.140  shows  the  Arrhonius  plot  for  the 
fact  desorption  rate  constants,  and  yields  a  LSA  value  of  17.5  ±  2.2 
1-,  j  mole-1  for  t:.  e  a,  ý.  )aront  encrZy  of  activation. 
The  conversion  of  ethylene  to  ethane  was  found  to  be  loss  than 
0.1;  in  all  experiments. _:  .  ., 
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Figure.  5.37.  Experiments  BS3/2,4  &  6.  Catalyst  chamber 
count  rate  versus  time. 
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Figure  5.38.  Experiments  BS3/3  &7-  catalyst  chamber 
count  rate  versus  time. 
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Figure  5.39.  Experiments  BS3/1  &  5.  Catalyst  chamber 
count  rate  versus  time. 
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5.14.  Ethane  adsorption  on  Ir/äi02. 
Experimente  G6/6  and  7. 
As  the  experiuents  involving  the  passage  of  ethylene  pulses  over 
Ir/Si02  catalyst  samples  in  H2  flow  all  cave  a  conversion  to  ethane  of 
over  99.9%  it  was  possible  that  the  observed  adsorption  was  primarily 
related  to  ethane  rather  than  ethylene.  This  possibility  was  therefore 
investigated  by  the  use  of  ethane-C14  pulses. 
In  experiment  G6/6,  an  11  s  pulse  of  ethane-C1Zf/112  (74  torr  ethane, 
706  torr  H2)  was  passed  over  catalyst  G6  in  a  carrier  gas  flow  of 
1.85  ml  s  H2  at  253  K.  The  ethane-C14  pulse  was  produced  by  passing 
a  pulse  of  ethylene-C14  through  a  microreactor  containing  25  mS  of 
5%  Pd/SiO 
2 
(catalyst  C).  This  arrangement  had  previously  been  shown 
to  give  greater  than  99.9;  %  conversion  of  ethylene  to  ethane. 
The  maximum  reversible  adsorption  observed  was  2.2  x  1017  molecule  mg-1 
during  the  tracer  pulse,  and  the  calculated  value  of  RI,  1.70.  The 
L5A  value  for  the  fast  desorption  rate  constant  was  4.0  ±  0.3  s- 
The  count  rate  versus  time  plots  for  the  ethane-C14  pulse  are  given 
in  figure  5.  I1. 
The  initial  retention  following;  the  ethylene-C14  pulse  was 
3.1  x  1015  molecule  mg-1,  which  rose  to  a  maximum  of  5.2  x  1015  molecule  mg-1, 
as  shown  in  figure  5.42.  This  figure  also  Gives  the  slow  desorption 
curve  for  experiment  G6/7,  where  a  12  s  pulse  of  ethane-C14  (75  torr)/ 
HZ(705  torr)  was  passed  over  the  catalyst  in  a  1.85  ml  s-1  H2  carrier 
flow  at  294  K.  The  maximum  reversible  adsorption  was  5x  1015  molecule  mg-1 
and  the  initial  retention  was  1.3  x  1015  molecule  mg-1,  which  rose  to  a 
maximum  value  of  1.6  x  1015  molecule  mg-1.  The  ensuinG  slotir  desorption 
had  initial  and  final  rate  constants  2.1  x  10-3  s-1  and  4.8  x  10-1'  a-1 
respectively,  with  a  value  of  4.8  x  1014  molecule  mg-1  adsorption  at 
the  intersection  of  the  ýtstraiý;  ht-line"  regions. 17tß 
4 
N 
t7 
O 
x 
N 
w-. 
tl 
I- 
..  " 
C 
5 
O 
u 
time  /s 
(a)  Initial  ethylene-C14  pulse.  FCS  plot,  1  s  resolution. 
8 
7 
Op 
U- 
C- 
.  a- 
C 
"0  u 
C 
r 
0  0.2  0.4  0.6  08 
time/  s 
(b)  rast  desorption.  PCS  plot,  0.2s  recolution. 
Fi.  r;  uro  5.41.  Experiment  GG/G.  Catalyst  count  rate  verouc 
time  during  initial  ethane  -C14  pu.  l.  e. i'1 
4 
t`- 
ýi 
0 
N 
43 
ai 
¬1 
.  r{ 
i-1 
Q1 
P4 
i'a 
.t 
1  (r) 
OO 
ý"  X 
N 
E 
to 
C5 
c) 
ri 
a 
U 
O 
O 
r-1 
O 
O 
Fl 
-1ý 
M  40 
44 
N  rol 
y  Pi 
4)  d) 
4-5  ) 
N  (1) 
El 
O  4)  4) 
as 
O 
U 
C')  N 
ýunoo?  u1 
-p 
N 
LA 176 
5.15.  Catalyst  reduction  temperature. 
x 
Experiment  G7/1 
In  each  of  the  previously  described  experiments,  catalyst  samples 
were  reduced  in  situ  in  the  reactor/counting  chamber.  The  reduction 
temperature  used  was  423  K,  and  it  was  desirable  to  compare  the  results 
obtained  with  a  catalyst  sample  pre-reduced  at  a  higher  temperature  in 
order  to  eliminate  the  possible  effects  due  to  incomplete  reduction. 
Catalyst  sample  G7  (86  mg)  was  pro-reduced  at  623  K  in  112  flow 
for  3  hours  in  a  microcatalytic  reactor.  It  was  then  transferred  in 
air  to  the  reaction/countinG  chamber,  where  it  was  reduced  under 
standard  conditions.  A  12  s  ethylene-C11+(75  torr)/H2(705  torr)  pulse 
was  passed  over  the  catalyst  in  1.85  ml  s-1  H2  flow  at  253  H.  The 
maximum  reversible  adsorption  observed  was  7x  1015  molecule  mg-1, 
and  the  value  of  RI  calculated  as  0.05.  The  fast  desorption  curve, 
shown  in  figure  5.  k3(a)  gave  an  LSA  desorption  rate  constant  of 
1.3  +_  0.2  s-1. 
The  initial  retention  was  9.0  x  1015  molecule  mg-l,  which  fell 
to  4.2  x  10 
i5 
molecule  mg-l.  The  intervening  slow  desorption  curve, 
shown  in  figure  5.43(b)  had  initial  and  final  first  order  rate 
4 
constants  of  7.5  x  10  sýl  and  3.1  x  10  4 
s-1  respectively. 177 
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Figure  5.43.  Experiment  G7/1  -  catalyst  count  rate  versus 
time. 
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Table  5.19.  Fn  t  countinrc_^ystem  until.  nez. 
The  values  of  resolution  given  are  the  time  intervals  over  which  counts 
were  taken.  The  order  in  which  the  figures  should  be  read  is  left  to 
right  and  row  by  row.  The  time  corresponding  to  the  first  counting  interval 
of  each  row  is  shown  in  the  left  hand  column. 
Fxnerinent  G1/2.  Catalyst  counts.  Resolution  0.5  s. 
t(s) 
00  31  59  73  64  72  79  78  91  74 
5  84  89  67  80  74  87  83  81  77  73 
10  78  85  87  62  26  18  87  10  3 
15  9422334659 
Experiment  GIA. 
Catalyst  counts.  Resolution  =5s. 
t(s) 
0  84  68  66  146  1264  2280  2478  2652  2611  2539 
50  2544  2518  2628  2658  2552  2595  2622  2620  2543  2585 
100  2553  2609  2581  2265  1203  584  526  447  427  411 
150  426  418  412  425  384  356  349  374  388  363 
Gas  counts.  Resolution  -5s. 
t(s) 
0233  40  24  171  1450  2555  2813  2687 
50  2647  2721  2649  2689  2683  2686  2708  2677  2754  2685 
100  2691  2765  2654  2691  2676  1933  887  253  88  41 
150  35  28  32  30  25  23  21  16  21  20 
]hcperinent  01/6. 
Catalyst  counts.  Resolution  =1s. 
t(a) 
0  35  211  536  585  563  581  562  564  580  556 
10  599  587  560  588  600  391  171  139  154  136 
20  165  143  145  120  139  133  147  135  152  132 
Gas  counts.  Resolution  =1s. 
t(s) 
015  286  588  652  650  639  651  674  655 
10  626  657  614  657  644  610  192  36  10  5 
20  4933.2  11113 
Experiment  G7/7. 
Catalyst  counts.  Resolution  ==  1  a. 
t(s) 
099  25  239  490  484  !  33  542  552  "  541 
10  571  554  562  586  558  587  569  575  568  342 
20  223  149  144  141  149  168  165  136  139  150 
Gas  counts.  Resolution  1  s. 
t(s) 
01100  18  228  410  529  567  551 
10  547  554  542  580  565  556  570  584  573  567 
20  464  297  131  63  25  14  "11  764 
(Cont.  )/ 179 
/Table  5.19.  (Cont.  ) 
Bs:  pe  rim'  nt  G'`  j. 
Catalyst  eounta.  Resolution  =  0.2  s. 
t(a) 
0005  10  13 
2  28  31  20  23  25 
4  26  24  19  32  30 
6  30  24  21  24  24 
8  22  22  19  33  23 
10  24  23  20  27  24 
12  24  18  18  20  12 
14  23303 
Gas  counts.  Resolution  =  0.2  s. 
t(s) 
000125 
2  37  33  39  32  43 
4  41  36  46  35  54 
6  34  40  42  50  40 
8  48  41  30  36  52 
10  41  29  *41  47  38 
12  37  37  28  25  26 
14  14330 
Experiment  G2/2. 
Catalyst  counts.  Resolution  =  0.2  s. 
t(s) 
000008 
2  29  18  15  18  17 
4  21  17  24  14  31 
6  24  19  27  17  22 
8  22  15  18  23  30 
10  20  19  14  18  15 
12  25  22  13  14  27 
14  22211 
Gas  counts.  Resolution  =  0.5  s. 
t(a) 
0001  12  47, 
5  97  92  78  84  93 
10  71  95  111  89  90 
15  16  5310 
Experiment  G2/3. 
Catalyst  counts.  Resolution  =  0.2  a. 
t(s) 
000029 
2  14  16  17  18  17 
4  26  27  21  26  21 
6  25  19  19  18  25 
8  18  22  20  18  19 
10  22  21  20  29  23 
12  23  20  15  10  9 
14  19  24  28  27 
20  22  22  23  32 
29  24  18  24  21 
22  22  25  31  19 
26  22  24  25  26 
23  33  25  26  23 
9  4  ':  6  3  2 
1  1  0  2  2 
19  24  28  27  37 
30  "  39  35  37  38 
38  35  44  40  41 
45  45  48  44  45 
54  48  44  45  48 
36  41  43  36  38 
24  20  17  6  6 
1  0  0  1  0 
16  17  17  13  13 
25  20  20  22  18 
10  15  26  25  18 
24  22  18  22  28 
23  30  23  30  16 
15  17  25  18  22 
22  24  10  13  3 
2  1  0  0  2 
74  93  92  89  102 
82  97  84  82  66 
80  93  90  91  53 
0  0  0  0  2 
29  27  16  21  24 
16  18  19  17  23 
17  24  25  22  18 
28  15  26  23  21 
19  23  16  18  14 
23  20  16  30  22 
1  2  2  2  0 
(Cont.  )/ LjO 
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Fr  riment  G2/3  (Cont.  ) 
Gas  counts.  Feoolution  =  0.2  a. 
t(e) 
000022 
2  35  28  34  38  31 
4  35  39  33  51  41 
6  40  33  48  41  42 
8  50  35  42  43  45 
10  38  35  32  30  56 
12  38  40  32  26  18 
14  01010 
Experiment  G2/5. 
Catalyst  counts.  Resolution  =  0.2  s. 
t(s) 
02000  20 
2  129  155  119  100  112 
4  147  143  141  130  121 
6  139  139  144  143  150 
8  123  133  149  144  124 
10  142  137  143  139  137 
12  142  142  105  -95  86 
14  29  37  25  22  17 
16  13  19  14  11  17 
Gas  counts.  Resolution  =  0.2  s. 
t(s) 
00103  21 
2  140  140  156  152  164 
4  169  154  167  157  167 
6  160  165  159  170  152 
V  139  159  155  181  147 
10  154  156  171  153  166 
12  173  144  118  109  100 
14  34  21  28  18  14 
16  84492 
Experiment  C2/ 
Catalyst  counts.  Resolution  =  0.2  s. 
t(©) 
08638  27 
2  47  42  47  48  49 
4  44  40  43  65  49 
6  45  64  50  55  53 
8  51  46  49  50  51 
10  57  55  52  53  52 
12  51  53  52  61  50 
14  50  41  64  53  51 
16  57  47  46  50  41 
18  21  20  18  27  16 
20  99  12  11  14 
7 
40 
47 
48 
41 
31 
10 
0 
56ý 
154 
144 
135 
131 
139 
55 
23 
11 
38 
154 
177 
153 
175 
164 
68 
21 
2 
42 
48 
38 
51 
53 
49 
40 
50 
37 
17 
7 
13  25  30  44 
40  36  45  32. 
38  43  40  34 
45  43  52  37 
49  40  39  49 
42  44  38  44 
6465' 
0011 
84-  88  106  131 
129  109  117  142 
144  145  104  149 
135  120  132  140 
118  140  132  131 
141  126  141  132 
61  54  31  37 
15  12  19  14 
15  17  9  15 
81  104  97  125 
164  158  154  146 
161  168  171  163 
183  163  154  163 
151  164  166  150 
160  182  166  163 
48  51  40  44 
12  12  12  6 
3234 
39  47  53  52 
44  43  47  43 
53  61  46  56 
50  55  46  48 
46  46  52  57 
62  50  58  45 
53  51.47  58 
41  57  40  60 
31  26  35  32 
12  13  15  24 
57  14  12 
(Cont.  )/ löl 
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Rxperiment  G21G  (Cont.  ) 
Gas  eount3.  Resolution  =  0.2  a. 
t(s) 
o00009 
2  68  76  87  83  96 
4  82  84  83  79  85 
6  96  69  83  79  60 
8  75  80  73  84  72 
10  80  75  72  70  80 
12  92  86  80  82  70 
14  74  78  84  88  79 
16  68  77  78  66  70 
18  46  35  26  25  27 
20  10  10  335 
Experiment  G2/7. 
Catalyst  counts.  Resolution  =  0.2  s. 
t(s) 
011  6'  26  60 
2  142  141  148  153  130 
4  149  156  140  154  153 
6'  175  158  153  152  148 
8  147  148  161  173  152 
10  157  164  157  159  168 
12  143  146  118  11¬  8tl 
14  34  25  24  24  28 
Gas  counts.  Resolution  =  0.2  a. 
t(s) 
002  13  33  78 
2  151  159  163  155  167 
4  163  176  167  164  156 
6  165  165  173  158  158 
8  154  163  147  172  164 
10  168  175  174  169  170 
12  153  140  116  102  83 
14  35  22  17  16  19 
16  '-'2  10  13  46 
F,  xreriment  G2/3. 
Catalyst  counts.  Resolution  =  0.2  e. 
t(s) 
0179  35  41 
2  52  42  57  52  4.7 
4  54  51  51  50  45 
6  57  56  56  60  62 
8  53  52  55  59  58 
10  45  50  64  69  51 
12  50  58  58  56  63 
14  64  53  45  53  62 
16  41  39  42  37  38 
18  22  22  24  11  17 
20  11  11  14  69 
27 
B1 
82 
73 
83 
94 
79 
86 
67 
20 
1 
104 
147 
162 
156 
152 
162 
bo 
27 
92 
169 
176 
173 
163 
166 
63 
17 
7 
36 
55 
48 
65 
54 
51 
57 
51 
39 
13 
12 
47 
83 
77 
83 
93 
82 
74 
72 
60 
13 
1 
118 
143 
166 
150 
160 
152 
4,  ' 
21 
127 
147 
168 
156 
181 
169 
75 
;j 
+6 
52 
58 
63 
58 
53 
48 
61 
57 
42 
16 
11 
54  69  67 
87  81  75' 
81  79  85 
86  91  71 
78  98  85 
90  86  84 
82  82  76 
70  70  87 
56  54  53 
13  7  11 
102 
134  113  140 
137  148  153 
164  160  163 
162  160  146 
145  152  146 
147  162  140 
=50  43  44 
. 
19  27  22 
150  143  146 
155  155  160 
164  147  158 
152  156  153 
156  166  168 
172  164  165 
47  32  42 
14  14  10 
233 
43  41  60 
57  49  56 
59  56  61 
48  51  48 
54  64  52 
67  69  47 
51  55  70 
59  60  48 
29  21.23 
12  12  11 
12  99 
(Cent.  )/ 1C2 
Table  5.19  (Cont.  ) 
Experiment  G2/8  (Cont.  ) 
Gas  counts.  Resolution  =  0.2  s. 
t(s) 
010003 
2  52  62  58  58  71 
4  69  66  62  69  72 
6  59  70  70  71  88 
8  75  73  62  68  69 
10  59  59  64  66  70 
12  66  68  51  62  68 
14  64  70  67  69  64 
16  58  53  53  58  46 
18  40  18  17  16  17 
20  42262 
Experiment  G3/1. 
Catalyst  counts.  Resolution  =  0.2  a. 
t(a) 
01  10  12  18  24 
2  29  29  30  36  27 
4  30  28  37  27  30 
6  33  29  26  39  36 
8  37  28  22  25  23 
10  28  31  35  34  45 
'12  25  26  18  25  24 
14  11  6  12  14  9 
Gas  counts.  Resolution  =  0.2  s. 
t(s) 
0000,1  0 
2  20  20  19  24  26 
4  20  33  30  36  34 
6  18  33  26  35  39 
8  31  28  27  22  34 
10  29  34  30  18  34 
12  31  31  18  23  23 
14  53462 
Experiment  G4/1. 
Catalyst  counts.  Resolution  =  0.2  a. 
t(s) 
00014  23 
2  108  167  187  267  261 
4  254  273  265  256  262 
6  260  269  260  269  26G 
8  263  269  270  263  2G4 
10  274  283  275  268  277 
12  269  266  279  263  270 
14  46  43  45  43  38 
16  43  44  39  30  38 
7  15  26  45  46 
53  60  68  76  65 
64  83  71  68  78 
57  72  69  66  8o 
68  79  64  65  67 
70  65  77  79  68 
63  74  76  62  72 
59  63  60  72  69 
45  39  42  40  34 
10  12  5  9  5 
1  4  1  1  3 
24  22  18  16  33 
44  31  26  39  27 
28  32  33  22  31 
45  35  43  33  29 
34  31  28  23  35 
37  34  42  24  35 
12  22  21  13  15 
8  18  10  12  9 
4  9  14  10  21 
34  28  28  34  22 
33  22  34  26  32 
25  30  28  38  21 
29  22  26  26  35 
33  31  26  25  27 
15  12  15  8  7 
4  2  3  0  1 
59  61  100  104  100 
256  261  261  265  259 
257  264  258  272  268 
278  257  263  262  270 
265  263  270  270  270 
270  264  272  276  268 
276  247  235  108  40- 
46  37  46  40  35 
25  40  37  40  40 
(Cont.  )/ 133 
/Table  5.19  (Cont.  ) 
Experiment  G4Z1  (Cont.  ) 
Gas  counts.  Resolution  =  0.2  a. 
t(s) 
0016  21  30 
2  135  123  133  135  154 
4  159  170  170  178  198 
6  157  163  173  158  146 
8.  "  145  145  146  169  142 
10  160  150  151  149  148 
12  165  152  135  96  83 
14  18  25  25  13  11 
16  65565 
Experiment  G4/3. 
Catalyst  counts.  Resolution  =  0.2  a. 
t(s) 
03  11  6  20  18 
2  31  31  40  23  36 
4  41  33  39  42  41 
6  49  40  38  37  44 
8  44  42  30  49  36 
10  43  45  40  49  40 
12  20  20  20  18  26 
14  14  24  19  13  20 
Gas  counts.  Resolution  =  0.2  s. 
t(c) 
00  4'  7  14  21 
2  32  34  32  29  38 
4  34  39  34  43  38 
6  38  34  25  38  37 
8  33  48  39  27  42 
10  29  41  49  39  38 
12  9  12  677 
14  34521 
Erperinent  06/2. 
Catalyst  counts.  Resolution  =  0.2  a. 
t(s) 
00313  11 
2  54  48  42  47  40 
4  50  60  50  51  45 
6  50  44  48  61  55 
8  61  48  66  62  58 
10  57  68  64  59  64 
12  46  27  38  37  29 
14  20  21  25  34  36 
57 
145 
281 
145 
168 
154 
73 
13 
5 
16 
36 
35 
41 
43 
36 
20 
16 
21 
3.4 
49 
42 
34 
28 
6 
3 
33 
51 
36 
52 
60 
71 
31 
20 
93 
126 
258 
141 
150 
156 
52 
4 
3 
30 
31 
39 
33 
54 
42 
21 
18 
19 
40 
39 
40 
37 
25 
4 
1 
40 
55 
62 
5G 
56 
61 
33 
31 
112  115  103 
167  165  175 
174  182  173 
155  161  148 
142  157  148 
161  133  149 
45  32  21 
548 
335 
27  27  31 
41  37  37 
41  48  37 
31  37  35 
48  41  33 
24  27  28 
21  16  22 
21  21  "  19 
24  25  27 
41  39  43 
45  44  23 
46  39  42 
34  41  40 
19  20  11 
363 
002 
42  35  46 
47  46  54 
60  50  48 
63  55  53 
69  60  54 
66  68  44 
30.27  22 
29  30  29 
(Cont.  )/ 134 
/Tablo  5.19  (Cont.  ) 
Expo  rtraent  C6/2  (Cont.  ) 
Gas  coun  ts.  Resolut  ion  =  0.2  s. 
t(s) 
0  0  0  13  27  55  93  95  112  130  128 
2  121  123  147  144  129  119  126  116  128  138, 
4  110  135  134  138  132  131  151  135  140  131 
6  132  137  141  133  138  123  130  124  133  126 
8  130  134  139  131  142  153  136  139  136  138 
10  127  144  151  140  127  135  121  89  71  66 
12  36  16  16  11  6  7  8  1  4  7 
14  9  5  7  2  0  3  6  4  2  3 
Experiment  G6/4. 
Catalyst  counts.  Re  soluti  on  =  0.2  B. 
t(s) 
0  1  3  20  42  72  84  105  110  102  104 
2  128  100  118  108  12G  115  109  116  122  116 
4  132  134  126  123  125  137  127  137  112  131 
6  126  141  137  128  154  147  131  134  150  139 
8  146  129  124  135  138  138  144  163  142  160 
10  142  14G  147  151  140  109  103  91  78  71 
12  69  69  76  54  69.  65  79  61  59  68 
14  69  67  61  75  60  66  61  68  64  61 
Gas  counts.  Resolution  =  0.2  a. 
.... 
t(s)  ".. 
0  0  5  21  67  92  122  141  137  156  134 
2  137  140  157  148  140  140  148  '153  151  161 
4  146  144  151  149  151  159  155  132  143  149 
6  151  154  147  144  148  152  147  152  150  151 
8  141  140  149  149  150  159  152  159  163  156 
10  157  148  139  145  119  93  65  47  25  19 
12  24  10  15  11  9  9  11  9  3  4 
14  6  6  11  0  6  4  5  2  3  3 
Experiment  BS  1. 
Catalyst  ccants.  Resolution  =1  a. 
t(s) 
0  3  1  1  15  170  280  291  309  345  378 
10  343  354  358  356  363  364  350  354  345  300 
20  234  202  139  110  104  98  76  89  73  79 
30  79  66  74  64  76  68  64  68  67  57 
Gas  counts.  Resolution  =  1  a. 
t(s) 
0  0  1  0  1  4  32  140  224  295  333 
10  333  333  342  374  349  332  325  329  343  309 
20  301  250  177  97  87  33  25  17  16  13 
30  4  4  4  3  2  3  1  0  1  1 
(C  ont.  )/ 185 
/Table  5.19  (Cont.  ) 
Experiment  B  ! 7)3  Z2,. 
Catalyst  counts.  Re  solution  =1  a. 
t(n) 
0  2  2  2  5  6  7  181  478  662  753 
1'0  788  815  875  874  869  896  899  892  747  642 
20  580  525  454  389  370  337  305  265  247  237 
30  226  193  197  166  167  159  159  144  111  132 
. 
40  123  99  95  103  77  100  78  75  83  77 
50  67  59  -63  54  65  58  61  51  46  46 
60  57  49  43  60  36  53  50  44  52  46 
70  53  41  44  48  47  47  67  44  51  44 
80  46  36  47  41  45  46  -  38  37  47  44 
Gas  counts.  Resolution  =  1  s. 
t(s) 
0  0  4  26  105  237  352  514  573  626  717 
10  699  737  692  674  544  450  391  335  280  237 
20  203  189  179  135  125  118  90  98  88  68 
30  66  56  58  49  36  40  42  39  35  26 
40  39  24  18  16  20  16  12  11  13  17 
50  9  13  8  9  7  5  7  5  2  8 
60  5  11  8  3  7  5  1  2  1  2 
70  4  0  0  2  1  2  3  3  0  1 
Experiment  ßS3  /3. 
Catalyst  count  s.  Resolution  a  0.5  s. 
t(s)  _ 
0  2  2  45  136  192  190  202  200  221  238 
5  224  221  227  215  238  229  236  228  232  229 
10  242  232  217  240  191  157  108  85  61  44 
15  29  41  27  23  28  24  16  11  10  16 
20  16  6  12  14  15  13  8  12  15  6 
25  13  13  9  4  14  16  22  6  9  .9  30  9  6  13  14  9  8  5  6  14  11 
35  13  5  8  13  8  9  8  11  12  6' 
Can  counts.  Re  solution  =1  s. 
t(e) 
0  1  2  0  0  1  218  561  725  733  738 
10  790  757  795  765  815  779  607  362  197  102 
20  61  42  21  16  8  7  8  7  4  7 
30  0  6  4  1  1  3  2  4  1  1 
Experiment  1333/4. 
Catalyst  cou  nts.  Resolution  =1  a. 
t(s) 
0  4  2  5  2  1  153  384  533  549  629 
10  644  672  726  698  660  686  656  501  419  297 
20  257  245  190  140  153  124  101  88  83  76 
30  78  54  55  47  63  49  42  40  39  40 
40  48  40  39  36  32  45  33  26  30  27 
(Co  nt.  )/ 
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/Table  5.19  (Cont.  ) 
Exreri;  ncnt  B0314  (Cont.  ) 
Gas  counts.  Resolution  =Is. 
t(s) 
00003  45  276  495  579  660  704 
10  702  688  729  742  739  695  569  404  330  267. 
20  207  153  141  121  '95  70  50  48  48  39 
30  30  26  22  22  14  12  15  11  14  11 
40  11  475723133 
Expcrinent  1393/5. 
Catalyst  counts.  Resolution  =  0.5  s. 
t(s) 
011314  136  239  255  281  299 
5  317  345  326  338  350  348  328  329  359  336 
10  375  352  341  375  362  369  367  272  214  171 
15  150  142  128  102  94  93  75  64  65  64 
20  62  67  50  41  56  47  35  42  56  40 
25  44  34  "  40  61  31  42  40  32  27  44 
Gas  counts  .  Resolution  =  0.5  s. 
t(s) 
011'  36  163  236  311  362  346  382  392 
5  399  423  409  402  403  409  404  412  395  408 
10  405  402  377  413  328  263  203  185  129  137 
15  105  94  61  68  42  46  37  28  34  19 
20  19  26  15.16  8  19  10  12  13  5 
25  4552304166 
Experiment  B33/6- 
Catalyst  counts.  Resolution  =1s. 
t(s) 
00124  252  412  471  549  552  591 
10  585  623  587  626  598  498  375  280  232  193 
20  176  120  109  102  92  85  87  84  53  65 
30  60  46  59  52  53  40  57  47  49  51 
40  40  43  34  39  45  38  47  38  38  46 
Gas  counts.  Resolution  =1s. 
t(s) 
0300  30  278  502  586  626  674  695 
10  694  685  679  664  625  479  337  230  193  122 
20  122  80  46  56  48  41  28  25  13  19 
30  10  11  10  9  10  8  11  455 
40  3620222542 
Exj  eriment  RS 
_. 
Catalyst  counts.  Resolution  =  0.5  s. 
t(o) 
053069  44..  65  73  72  71 
5  75  75  77  77  80  83  105  78  79  98 
10  79  07  86  78  89  98  79  09  101  83 
15  82  53  37  24  25  13  22  6  10  1.5 
20  14  14  13  9  14  13  11  13  13 
25  13  846995479 
(Cont.  )/ 
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Experiment  K;  3/7  (Cont.  ) 
Gas  counts.  Resolution  1  s. 
t(a) 
o310  28  241  309  322  343  342  315 
10  332  317  358  360  353  357  289  122  39  23 
20  7434241211 
Experiment 
_C, 
/6. 
Catalyst  counts.  Resolution  =  0.2  a. 
t(s) 
o4  21  46  59  81  82  101  99  116  102 
2  122  133  115  123  149  142  161  123  110  133 
4  137  167  189  211  268  257  248  245  242  245 
6  260  241  268  261  264  263  260  255  262  260 
8  261  261  278  264  254  241  271  265  269  261 
10  277  262  271  249  170  81  52  56  23  29 
12  22  25  16  21  15  17  15  17  17  15 
14  16  10  13  11  16  12  12  16  11  6 
Gas  counts.  Resolution  =  0.2  s. 
t(s) 
01  12  27  63  93  116  102  120  124  138 
2  130  125  141  128  152  148  152  144  165  139 
4  154  158  153  168  170  159  147  152  137  146 
6  131  145  147  144  157  157  156  160  146  143 
8  151  150  137  137  144  139  143  159  142  171 
10  161  146  153  125  104  82  61  47  29  36 
12  23  21  23  19  21  17  9  10  8  13 
14  5722534433 
Experiment  G7/1. 
Catalyst  counts.  Resolution  =  0.2  s. 
t(s) 
012  12  36  52  70  81  86  74  89 
2  95  99  105  118  112  106  103  94  116  99 
4  100  118  112  125  87  131  109  96  119  129 
6  131  113  116  107  125  128  113  137  123  105 
8  122  119  105  117  112  129  111  115  117  123 
10  142  107  142  140  119  116  136  139  129  103 
14  107  97  90  55  52  39  37  37  22  38 
16  19  25  24  18  24  19  24  20  24  21 
Gas  counts.  Resolution  =  0.2  a. 
t(o) 
0115  22  43  61  75  92  140  134 
2  148  174  150  157  170  153  159  166  171  172 
4  175  154  172  167  165  165  160  175  168  174 
6  174  172  1G5  161  167  162  163  162  165  145 
8  156  158  167  177  157  165  150  163  "  190  177 
10  170  157  161  172  176  172  158  171  168  171 
12  164  160  139  111  83  71  45  40  41  33 
14  25  24  16  15  11  79757 
-  "-.  (Coiit.  )/ /Table  5.19  (Cont.  ) 
Blank  ren  for  e  +eriront. 
Catalyst  chamber  counts.  Resolution  =  0.2  s. 
t(s) 
0  0  0  0  0  1  8  57  92  115  155 
2  151  152  149  143  160  145  156  155  145  150- 
4  156  157  159  157  159  156  156  145  157  145 
6  153  169  146  144  160  144  145  161  153  147 
8  148  168  129  153  157  145  162  147  145  141 
10  146  149  136  143  146  158  150  154  141  166 
12  145  159  156  168  158  119  62  23  11  2 
14  3  0  6  4  2  0  2  2  0  4 
Gas  chamber  counts.  Reso  lution  =  0.2  Be 
t(s) 
0  0  0  0  0  0  0  2  14  40  77 
2  115  145  147  126  159  148  145  153  137  151 
4  132  150  158  147  164  143  148  147  147  153 
6  123  142  141  143  143  153  163  153  140  139 
8  135  143  137  148  148  143  133  129  150  139 
10  152  143  145  161  146  136  158  145  143  140 
12  145  140  150  152  146  144  147  97  59  26 
14  7  5  1  1  2  3  0  1  1  1 1  ()  `) 
Part  C.  General. 
5:  16.  Catalyst  characterisation. 
To  facilitate  interpretation  of  the  adsorption  data  obtained 
in  the  previous  sections,  it  was  necessary  to  obtain  information  about 
the  metal  surface  areas  of  the  catalysts  used.  The  following  deter- 
minations  were  made  for  catalysts  B,  C,  F  and  G,  reduced  under  standard 
conditions.  A  summary  of  the  results  is  given  in  table  5.20. 
Metal  assays. 
The  assays  were  carried  out  by  Johnson,  tiatthey  and  Co.,  Limited. 
Carbon  monoxide  chemisorption  areas. 
The  metal  surface  areas  of  the  four  catalysts  were  determined  by 
carbon  monoxide  chet:  isorption  in  the  laboratories  of  Johnson,  I.  atthey 
and  Co.,  Limited.  The  value  given  in  table  5.2'0  for  catalyst 
G  (Ir/Si02)  was  based  on  a  figure  of  2.39  m2  ml-'  carbon  monoxide 
adsorbed,  the  value  normally  used  for  platinum.  No  data  were  available 
for  carbon  monoxide  chemisorption  on  iridium. 
Metal  particle  size  distributions. 
Electron  micrographs  of  catalysts  C  and  G  were  taken  by  Dr.  T.  Baird 
of  Glasgow  University  using  a  Siemens  Elmiskop  I  electron  uicroscope, 
operatinC  at  100  kV  (see  plates  1  and  2).  Electron  micro6raphs  of 
catalysts  B  and  C  tigere  supplied  by  British  Petroleum  Limited,  Sunbury- 
on-Thames  (see  plates  3'  and  k).  All  samples  were  prepared  by  drying 
a  drop  of  water-suspended  catalyst  on  a  carbon  film  specimen  grid. 
The  particle  size  distributions  shown  in  figure  5.41  were 
determined  by  measuring;  approximately  150  metal  particles  for  each 
sample.  she  metal  particles  on  plates  1-t.  are  distinguishable 
as-,.  small  dark  areas  against  the  background  of  less  dense  support 
material.  It  is  normally  recommended  that  at  least  1000  particles 
be  measured  to  obtain  an  accurate  particle  size  distribution 
(see  e.  g.  28).  A  smaller  number  of  measurements  was  used  here 
as  the  results  obtained  were  pri.  aarily  intended  for  comparison  with 
the  metal  areas  determined  by  carbon  monoxide  chemicorption. 
The  volume  wei&nted  surface  areas  and  moan  particle  diameters 
were  calculated  accordins  to  the  relationrships  (28): 100  nm 
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Figure  5.44.  Metal  particle  size  distributions  from 
electron  micrographs  of  (a)  and  (b),  catalyst  C, 
(c),  catalyst  B  and  (d),  catalyst  G. 
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Surface  area  per  unit  volume  metal 
E  dini 
a2  (ra3  metal)-1 
Id 
in13 
din  i4 
mean  particle  diameter  = 
7-d 
m 
Xdin13 
where  ni  particles  were  measured  of  diameter  di  M. 
The  values  given  under  (a)  of  table  5.20  and  the  size  distribution 
shown  in  (a)  of  figure  5.44  for  catalyst  C  were  obtained  by  Dr.  T.  Baird. 
(b)  of  table  5.20  and  figure  5.44  were  obtained  for  a  different  sample 
of  the  same  catalyst  in  the  laboratories  of  British  Petroleum  Ltd. 
exchangeable  support  hydronen. 
It  was  of  interest  while  considering  support  activity  for  adsorption 
and  catalysis  in  the  ethylene  studies  to  determine  the  exchangeable 
hydrogen  atoms  on  the  support.  Tritium  exchange  was  coupled  wit1-  flow 
proportional  counting  in  a  method  developed  by  Althau  and  Webb  (85)  for 
detecting  exchange, 
(180)  it  was  found 
exchangeable  atoms 
exchangeauie  atoms 
able  hydrogen  atoms  on  the  support.  By  this  method 
that  catalyst  G  (4-77,  o'  Ir/Si02)  had  4.75  x  1017 
per  mg  at  403  K  (or,  alternatively  2.7  x  1014 
per  cm2). 
5.17.  Errors  and  tresertation  of  results. 
Temuerature  measurement. 
In  general,  where  ambient  te:  auerature  readings  are  given,  these 
were  obtained  by  thermometer  and  the  valuer,  given  are  accurate  to  =iK. 
The  temperatures  measured  by  chromel/alumel  thermocouple  in  conjunction 
with  a  Comark  Electronic  Thermometer  (i.  e.  high  temperature  chlorobenzene 
,  experiments  and  reactor  temperatures  for  the  ethylene  experimentc)  were 
accurate  to  within  ±2K  of  temperatures  raeasured  by  mercury  thert:  iometer. 
From  the  experiments  of  section  5.11,  some  temperature  rise  was  expected 
during  the  p,  asuage  of  ethylene/.  iydrogen  pulses  over  the  catalyst  in  the 
Part  B  experiraentc.  While  it  was  net  possible  to  quantify  this  catalyst 19.3 
bed  temperature  variation,  the  observed  temperature  readings  were 
constant  to  within  ±2K  of  the  stated  value  durinG  such  experiments. 
Pressure  measurement. 
For  the  chlorobenzene  experiments,  atmospheric  pressure  was 
normally  employed.  The  values  given  were  read  from  a  mercury 
barometer  and  are  accurate  to  within  ±1  torn  of  the  stated  values. 
The  major  errors  in  the  values  of  flog;  system  pressures  measured  by 
pressure  transducer  during  the  ethylene  studios  originated  in  two 
ways,  viz.  (a)  Non-linearity  and  hysteresis  of  the  transducer  response, 
quoted  by  the  manufacturers  as  less  than  ±  1%  of  the  full  scale 
reading;  (b)  readings  from  the  scale  of  the  galvanometer.  This 
error  was  estimated  as  ±  10  torr,  and  considered  to  be  more  important 
as  it  affected  the  transducer  calibrations  in  addition  to  the  readings 
of  experimental  pressure.  The  pressure  variation  during  an  experiment 
was  normally  less  than  the  estimated  error. 
The  major  source  of  error  in  the  radiotracer  dilutions  and  making 
up  tracer  samples  for  the  ethylene  studies  flow  system  arose  from  the 
spiral  gauge  pressure  readings.  The  estimated  error  on  readings  of 
the  light  beam  deflection  was  ±  0.5  mm,  giving  rise  to  an  error  of 
+  0.25  torr  on  the  pressures  measured  in  the  vacuum  system  manifold. 
This  was  equivalent  to  an  error  of  approximately  ±  0.5  torr  on  the 
partial  pressure  of  an  ethylene  sample  after  freezing  into  the  tracer 
injection  loop.  For  the  tracer  dilutions,  similar  errors  arose  and 
the  specific  activities  quoted  for  the  saiploc  used  zero  estimated  to 
be  within  ±  1%  of  the  values  stated. 
Gas  flow  rates. 
DurinG  ti.  e  ch1oroaenzene  experiments,  fluctuations  of  about  ±  5% 
in  the  carrier  flow  rates  in  the  course  of  an  experiment  wero  found  to 
be  greater  than  the  uncertainty  in  the  flow  rate  measurement.  1"ith 
the  Greater  flow  rate  stabilization  used  in  the  ethylene  studies, 
rotameter  readings  were  found  to  be  effectively  constant  during;  the 
course  of  an  experi:  ncnt.  The  error  eriGinatin3  fron  the  flow  rate 
readincs  was  estimated  as  ±  35. 194 
Tracer  pulse  sizes. 
The  liquid  injections  by  cyrinGe  during  the  chlorobenzene  studies 
were  estimated  to  be  within  ±  2%  of  the  stated  values,  bated  on  the 
accuracy  of  the  scale  readings.  The  partial  pressures  of  the 
ethylene  -  C14  pulses  have  been  discussed  above.  The  duration  of 
these  pulses  could  not  be  measured  with  any  degree  of  precision,  as 
it  was  governed  by  the  opening  and  closing  of  a  stopcock  for  a  period 
of  about  10  s.  The  duration  of  the  pulses  so  achieved  was  normally 
measured  from  the  count  rate  versus  time  date  and  the  values  given 
are  accurate  to  *1s. 
Product  analysis. 
From  the  analysis  of  five  standard  benzene/chlorobenzene/ethanol 
solutions  by  ultra-violet  spectrophotometry,  the  error.  in  calculating 
the  conversion  and  chlorobenzene  flow  rate  was  less  than  +  j`,;. 
No  attempt  was  made  to  accurately  assess  the  limits  of  detection 
of  the  as  chronatoZraoh.  As  the  experimental  conversions  observed 
were  generally  zero  or  -  lO0°5,  the  limiting  factor  in  detection  was  the 
background  noise.  This  was  estimated  as  ca.  0.5%  of  the  usual  peak 
height. 
Counting  efficiencies  and  statistics. 
In  section  4.2,  a  standard  deviation  of  ±  3.1°%  was  calculated  for 
the  counting  efficiency  from  a  series  of  standard,  radioactively  doped 
catalyst  sources.  TakinG  into  consideration  the  probable  error  on 
the  specific  activity  of  these  sources,  determinations  of  adsorption 
level  may  be  estimated  as  accurate  to  within  ±  5;  ö  before  considering 
the  countinG  statistics. 
The  standard  deviation  of  an  observed  number  of  counts,  N,  may  be 
calculated  as  ±I  (181).  Thus,  if  10,000  counts  are  collected  during 
a  single  count  rate  determination  and  we  assume  no  error  to  be  present 
in  the  time  of  the  determination,  the  value  of  count  rate  calculated 
would  have  a  standard  deviation  of  ±  1;;;.  In  the  Occupancy  Principle 
experiment$  of  section  5.1,  where  the  integrated  counts  formed  the 
bac1c  of  the  calculations,  this  method  of  determining  standard  deviations 
could  be  applied.  In  cases  where  the  count  rate  versus  time  curves 
were  analysed,  the  situation  is  considerably  more  coraplox,  ue  the 195 
accuracy  of  a  single  reading  is  enhanced  by  its  relationship  with 
adjacent  points  on  a  curve  of  this  type.  In  this  case  it  was  not 
practicable  to  determine  standard  deviations  or  to  make  generalisations 
with  regard  to  an  estimated  error.  Where  the  semi-log  plot  yielded 
a  single  straight  line,  however,  it  was  possible  to  determine  the 
slope  of  the  line  and  its  standard  deviation  by  the  method  of  the 
least  squares  approximation  (LSA).  In  such  cases,  the  calculated 
values  of  standard  deviation  have  been  given. 
there  count  rate  versus  time  curves  have  been  taken  from  counting- 
ratemeter  traces,  no  attempt  has  been  made  to  reproduce  the  observed 
noise  levels.  The  normal  procedure  has  been  to  "smooth"  such  curves 
by  visual  examination.  The  smoothed  curves  have  either  been  used 
directly,  or  where  semi-log  plots  have  been  given,  a  number  of  points 
have  been  used  from  the  smoothed  curve.  As  an  example,  the  catalyst 
count  rate  versus  time  plot  from  experiment  C2/5  is  given  in  its 
original  form  in  figure  5.45,  along  with  the  points  taken  for  the 
semi-log  plot. 19  G 
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Chapter  6. 
Discussion. 
Part  A.  Chlorobenzene  Studies. 
6.1.  Occupancy.  Principle  ex  cri:  nonts  and  desorptions  under  constant 
floor  conditions. 
Occupancy  Principle  calculations. 
The  primary  aim  of  these  experiments  was  to  establish  a  number  of 
exchanGeable  adsorbed  molecules  (or  the  capacity  of  the  adsorbed  phase) 
taking  part  in  the  hydroCenolysis  reaction.  This  aim  was  indeed 
fulfilled,  good  reproducibility  being  de.  aonstrated  in  experiments 
Bill  and  2,  and  an  approximately  proportional  relationship  between 
chlorobenzene  partial  pressure  and  adsorption  by  a  comparison  with 
experiment  B1/3.  Further,  it  may  be  seen  from  tables  5.1  and  2  that 
an  increase  in  chlorobenzene  (or  benzene)  adsorption  by  a  factor  of 
2  is  accompanied  by  an  increase  in  reaction  rate  by  a  factor  of  1.5.  * 
The  value  of  capacity  calculated  from  experiment  BS1/1,  using 
blank  silica  as  adsorbent,  was,  however  considerably  greater  than  from 
Bl/l  and  2  under  ziziilar  conditions.  We  must,  therefore,  consider 
the  probability  that  a  large  part  of  the  adsorption  observed  on  the 
Pd/ßi02  arose  from  adscrption  or.  the  support. 
Coi1T.  ari  son  of  results  with  surface  areas. 
Let  us  assume  for  the  present  that  the  adsorption  observed  on 
-catalyst 
B  occurred  on  the  metal.  If  we  take  an  approx.  i:.  iato  value 
of  1  m2(g  catalyst)-1  as  the  palladium  metal  area  (see  table  5.20), 
we  may  calculate  an  area  per  adsorbed  molecule  of  ca.  4.5  x  10-3  n:  a2, 
based  on  the  values  of  capacity  from  experiments  B1/1  and  2  (2.2  x  1017 
molecule  (ono,  catalyst)  ).  This  value  is  much  lower  than  can  be 
considered  acceptable. 
If  on  tine  other  hand  we  assume  that  the  adsol  ption  occurred 
-.  primarily  on  t..  e  silica  support  of  surface  area  175  mý  6_1,  then  tho 
average  area  occupied  by  an  adsorbed  :  3o1ecule  would  be  0.80  nm 
2 19S 
Cornpvring  this  value  with  the  van  der  Waal's  area  of  a  chlorobenzene 
molecule,  adsorbed  with  the  aroiaatic  ring  parallel  to  the  surface, 
of  ca.  0.43  nm2,  a  much  better  fit  is  achieved.  The  increased  amounts 
of  adsorption  observed  in  experiments  B1/3  and  BS1/1  may  indicate  the 
occurrence  of  multilayer  adsorption. 
Radiotracer  de:  orQtion  rates. 
The  Occupancy  Principle  calculations  provided  us  only  with  values 
for  the  capacity  of  the  adsorption  system.  'Analysis  of  the  desorption 
curves  gave  us  values  of  the  mean  surface  lifetime,  Ts,  and  the  flux 
of  molecules  through  the  adsorbed  phase,  f.  The  latter  quantity  may 
be  considered  as  the  rate  at  which  molecules  leave  the  adsorbed  phase, 
with  or  without  first  reacting. 
Comparing,  the  values  of  reaction  rate  (table  5.1)  with  those 
for  the  flux  (table  5.2),  in  each  case  the  latter  is  seen  to  be  greater. 
It  appears  that  a  simple  chlorobenzene  molecular  exchange  process 
occurred  in  addition  to  the  reaction  to  benzene.  A  comparison  of 
the  values  of  flow  rate  with  those  for  molecular  flux  shows  that  a 
considerable  fraction  of  the  chlorobenzene  molecules  passed  throu-ti 
the  reaction  chamber  without  adsorbing.  The  possible  surface  processes 
may  be  quantified  by  considering  turnover  numbers  for  the  adsorbed 
molecules.  The  total  surface  turnover  number,  As  s-1,  is  the 
reciprocal  of  the  mean  surface  lifetime,  T  and  represents  the 
total  probability  of  a  molecule  desorbing  in  unit  time.  The  turnover 
number  for  reaction,  Ar  s-1  ,  is  the  probability  that  an  adsorbed 
molecule  will  be  desorbed  as  product  benzene  in  unit  time  and  is 
given  by  the  relationship 
r 
Is 
r 
where  r  is  the  reaction  rate  (1lolecule  s-1).  The  turnover  number 
for  exchange,  Xe,  is  given  by  the  difference  between  Xe  and  X X. 
It  is  the  probability  that  a  molecule  will  decorb  in  unit  time  without 
-first  reacting. 199 
The  values  calculated  for  the  various  turnover  numbers  are  given 
in  table  6.1.  While  those  for  Xr  for  experiments  Bl/l  -3  are 
comparable,  the  values  of  Xe  require  further  explanation.  The 
relatively  high  value  for  experiment  B1/3  may  be  attributed  to  an 
increase  in  the  chlorobenzene  flow  rate  effectively  decreasing  the 
number  of  gas  phase  radiotracer  molecules  which  may  exchange  back 
into  the  adsorbed  phase.  The  value  of  Xe  for  experiment  BS1/1  is 
not  directly  comparable  with  those  for  catalyst  B.  As  "desorption" 
of  a  radiotracer  molecule  may  be  the  result  of  several  adsorption/ 
desorption  steps  rather  than  a  single  process,  the  precise  structure 
of  the  adsorbent  will  be  of  importance.  In  spite  of  this  difficulty, 
we  may  attribute  the  high  value  of  capacity  observed  in  experiment 
BS1/1  to  a  smaller  desorption  probability  than  in  experiments  B1/l  -  3. 
AssuminL,  that  benzene  desorption  is  more  rapid  than  that  of  chlorobenzeno, 
the  hydrogenolysis  reaction  provides  an  alternative  desorption  mechanism 
in  the  case  of  the  Pd/SiO2  catalyst. 
Table  6.1.  Turnover  numbers  for  constant  flora  chlorobenzene  exreriment  ;. 
Experiment  number  B1/l  B1/2  B1/3  BS1/l 
As  /x  10-4  y-1 
Xr  /y  10-11  0-1 
Xe  /x  10-4  s-1 
9.1  7.9  12.3  3.3 
4.0  3.9  2.8  0 
5.1  4.0  9.5  3.3 
S ýý  ü 
Limitations  of  the  constant  flow  method. 
In  section  2.1,  wo  set  as  our  major  objective  in  the  present 
study,  a  determination  of  the  size  of  the  active  pool  of  molecules 
adsorbed  on  a  catalyst  surface  in  the  course  of  a  catalytic  reaction. 
While  the  Occupancy  Principle  experiments  have  achieved  this  objective, 
the  values  obtained  appear  to  be  of  little  value  in  relation  to  the 
study  of  the  catalytic  processes.  We  have  found  the  number  of 
molecules  adsorbed  on  the  catalyst  durinö  reaction  and  the  proportion 
of  these  which  undergo  reaction.  Reaction,  however,  appears  to 
occur  only  on  the  metal  component  of  the  catalyst  and  most  of  the 
observed  adsorption  may  be  attributed  to  the  support.  There  can, 
therefore,  be  little  fundamental  relationship  between  the  size  of 
this  active  pool  of  molecules  and  the  catalytic  activity.  It  is 
worthwhile  noting  that  even  in  the  case  of  a  catalytic  system  for 
which  one  observed  adsorption  only  on  the  active  portion  of  the 
catalyst,  catalytic  reaction  may  be  confined  to  a  small  number  of 
active  sites  on  this  portion  of  the  surface.  The  experiments 
discussed  in  this  section  serve  as  a  good  illustration  of  the 
difference  between  the  active  pool  of  adsorbed  molecules  and  the 
number  of  active  sites. 
It  appears  that  the  constant  flow  method  has,  in  this  case, 
provided  no  direct  information  about  the  active  catalyst  eurface. 
It  might,  however,  be  hoped  that  a  pulsed  flow  technique,  wnore  a 
net  desorption  rate  is  studied  rather  than  an  exchange  of  labelled 
riolecules,  miGht  yield  information  about  adsorption  on  the  metal 
in  the  lower  reGions  of  surface  coverace. 
6.2.  Desorptions  under  pulsed  flow  conditions. 
In  this  section,  the  various  desorption  experiments  will  be 
considered  in  turn  and  the  implications  of  each  towards  an  under- 
standing;  of  the  desorption  ;  rocesses  occurrin.  At  the  bej;  innin 
of  the  next  section  we  shall  try  to  use  this  evidence  in  formulating 
a  general  picture  of  the  desorption  mechanism  and  the  hydrovenolycic 
reaction. L:.:  ! 
Chlorobenzene  decorations  from  Pd/SiO￿  in  hydror:;  en  flow. 
.e  noted  in  section  5.2  that  dost  of  the  ceiai-loG  plots  for 
these  desorptions  took  the  gorm  of  two  "'straight-line"  sections. 
If  we  consider  first  the  data  from  the  5ö  PdSiO2  desorptions 
(C2  expeiiments)  -iven  in  table  5.4,  irre  see  that  over  a  range  of 
initial  adsorption  of  chlorobenzene  from  2.76  x  1017  to  8.5  x  1015 
1 
molecule  (rag  catalyst)-,  covered  by  experiments  C2/1,2,3  and  5, 
there  is  little  variation  in  the  point  of  intersection  between  the 
two  straight-line  re,  -ions.  Only  when  the  initial  adsorption  falls 
below  this  value  of  ca.  4x  1015  molecule  (ma  catalyst)-1  (in 
experiment  C2/6)  does  the  point  of  intersection  change  substantially. 
In  spite  of  a  decree  of  scatter  in  the  desorption  rate  constants, 
1  and  A2  for  the  two  regions  of  these  curves,  it  is  reasonable 
to  assume  that  the  same  types  of  process  are  observed  in  each 
experiment. 
The  most  obvious  explanation  of  these  phenomena  is  to  attribute 
the  initial  fast  desorption  to  material  adsorbed  on  the  silica 
support  and  tae  slower  process  to  desorption  from  the  metal'.  If 
it  is  assumed  that  the  species  adsorbed  on  tie  metal  are  continually 
replenished  by  those  from  the  support,  we  may  explain  täe  change  in 
kinetics  as  the  point  at  which  the  rate  of  desorption  from  the  support 
is  exceeded  by  the  rate  of  desorption  from  the  metal.  This  model 
allows  for  almost  co,  nplete  ,  petal  coverage  until  very  low  levels  of 
saroc  t  coverage  are  reached.  In  this  cage  we  :  naj  acoociate  the 
surface  covera;;  e  at  the  chance  in  kinetics  With  the  metal  coverage 
durin,;  ti.  e  initial  desorption  period,  although  a  precise  doter..  iination 
of  tie  r::  etal  cc  veraGe  would  depend  on  a  rreci:  e  .,  nol:  ledýe  of  the 
desorption  kinetics. 
lºssuminz;  that  the  adsorption  level  at  the  transition  between 
Ciao  two  tyros  o  kinetics  is  de?  endent  on  the  adsorption  on  the 
i:;  etal,  we  slic'Ad  ea__occt  t:.  ý  Ü;  eint  to  vary  with  tiie  avni1ab1e  "  ota1 
'curface  area.  Of  ti  exheriments  with  catalyst  B(1.10;  %Pd/Si02), 
only  B4/1  showed  the  chance  in  kinetics  at  low  surface  coverer  e 
found  in  experiaents  with  catalyst  C.  AS  vie  ;;  ay  see  from  fi.  uro 
this  Tray  be  attributed  to  an  inability  to  follow  the  ath  orptlon  to 2Q2 
sufficiently  low  surface  coverage  in  B2/1  and  B3/1,  due  to  the  low 
specific  activity  of  the  chlorobenzene-C14  used.  Experiment  B4/1 
shows  a  transition  point  in  the  semi-loh;  plot  at  an  adsorption  of 
r 
1.03  x  101j  molecule  (r  v,  compared  with  the  average  figure 
of  ca.  4x  1015.  molecule  (mg  catalyst)-1  from  the  C2  experiments. 
This  is  in  remarkably  good  agreement  with  the  carbon  monoxide  chemi- 
sorption  values  of  metal  areas  given  in  table  5.20,  which  differ  by 
a  factor  of  4.4  for  the  two  catalysts.  (,  Ve  shall  discuss  the 
differences  in  metal  surface  area  values  from  carbon  monoxide  chemi- 
sorption  and  electron  microscopy  in  section  6.5). 
It  is  of  interest  to  note  that  the  initial  desorption  rate 
constants,  X 
1,  observed  for  the  experiments  with  catalyst  B  are 
lower  than  those  with  catalyst  C  where  the  metal  area  is  higher. 
It  was  suggested  in  section  6.1  that  the  desorption  from  the  support 
may  proceed  either  directly  or  via  reaction  on  the  metal  surface. 
In  this  case,  a  reduction  in  metal  surface  area  should  proportionally 
decrease  the  desorption  rate  via  reaction,  leadinG  to  a  reduction  in 
the  overall  desorption  rate  as  found  experimentally.  The  only  apparent 
inconsistency  in  the  results  from  the  two  catalysts  is  that  the  slow 
desorption  rate  constant,  X2,  is  considerably  hither  for  experiment 
B4/l  than  those  found  with  catalyst  C. 
Chlorobenzene  desorptionc  frort  Pd/  iO2  under  N2  floh. 
In  common  . %ith  the  desorptions  in  hydrogen  flow,  the  chlorobonzo-C14 
desorptions  from  Pd/SiO2  in  nitrogen  flo:,,  dis,  Jayeü  distinct  fast  and 
slots  sections  on  examination  of  the  semi-lob  desorption  curves  (see 
section  5.3).  :,  rhile  the  curves  were  qualitatively  similar  to  th,  o￿e 
tinder  hydrocen  flow,  the  values  of  the  desorption  rate  constants  and 
the  adsorption  at  the  intersection  between  the  two  regions  of  the  curves, 
differed  considerably. 
A  cornparison  of  tables  5.  '+  and  5.5  shows  that  tine  values  of 
and  ÄZ  are  consistently  ;,:  caller  under  nitro6en  flow  conditions. 
In  both  cases,  tic  reduction  in  desorption  rate  nay  be  explainod  in 
terms  of  a  lack  of  catalytic  activity  in  the  absence  of  hydroGen.  It 
was  noted  in  section  6.1  that  the  radiotracer  desorption  rate  was  slower 
for  the  Silica  adsorbent  than  the  Pd/ZAO2  catalyst  under  cotiotant  flow _C 
conditions.  We  attributed  this  to  the  absence  of  the  hydrogenolycis 
reaction  as  an  alternative  mechaLiisn  to  desorption.  A  similar 
situation  pertains  in  the  case  of  a  Pd/äi02  adsorbent  in  nitrogen  flow. 
If  we  assume  that  the  radioactive  species  observed  during  the 
slower  part  of  the  desorption  curves  are  adsorbed  on  the  metal,  then 
various  possible  explanations  may  be  given  for  the  desorption  retard- 
ation  under  nitrogen  flow.  Under  hydrogen  flow,  the  slow  desorption 
may  be  brought  about  by  three  possible  means:  (a)  a  simple  desorption 
process  of  the  adsorbed  species,  (b)  a  displacement  of  the  adsorbed 
species  by  hydrogen,  and  (c)  reaction  of  the  adsorbed  species  with 
hydrosen  to  give  a  more  readily  desorbed  molecule. 
In  the  absence  of  hydrogen,  (b)  and  (c)  are  not  possible  unless 
a  dissociative  adsorption  occurs.  This  in  turn  would  be  expected  to 
give  a  more  firmly  held  species  and  further  retardation  of  the  desorption. 
In  experiment  C2/8  (see  figure  5.8),  where  three  successive  pulses  of 
chlorobenzene-C14  were  admitted  to  the  catalyst  under  nitrogen  flow, 
the  desorption  rate  constant  fell  with  each  successive  pulse  (see 
table  5.5).  The  lack  of  any  distinct  change  in  the  desorption 
kinetics  at  a  particular  surface  coverage,  however,  indicates  that 
no  new,  more  firmly  held  species  viere  present  in  significant  anounts. 
The  gradual  slowing  of  the  desorption  rate  night  more  readily  be 
attributed  to  incomplete  removal  of  hydrogen  fron  the  catalyst  prior 
to  the  introduction  of  the  chlorobenzene-C14  pulses.  The  hydrogen 
may  conceivably  have  been  held  on  the  support  by  a  "spillover" 
mechanism  or  by  adsorption  by  the  palladium  metal  (see  section  1.2 
for  a  discussion  of  these  phenomena),  and  slowly  released  to  react 
with  the  adsorbed  species. 
;  7hi1e  the  nature  of  the  adsorbed  species  during  the  latter  part 
of  the  desorptions  must  remain  in  doubt,  it  might  be  Speculated  that 
if,  for  example,  adsorbed  chlorooenzene  is  observed  under  nitroGen 
flow  and  adoorbed  benzene  under  hydrogen  flow,  the  differenco  in 
their  respective  desorption  rates  without  hydrogen  interaction  mia;  ht 
equally  Well  account  for  the  difference  in  the  desorption  kinetics. 
In  several  of  the  experiments,  the  maximum  observed  adsorption 
attributable  to  the  metal  component  of  the  catalyst  exceeded  that 204 
observed  under  hydrogen  flow.  In  experiment  Cl!  ].,  the  intersection 
between  the  slow  and  fast  regions  of  the  semi-log  curve  occurred  at 
an  adsorption  of  1.71  x  1016  molecule  (mg  catalyst)-1,  compared  with 
the  maximum  value  of  4.39  x  1016  molecule  (mg  catalyst)-1  observed 
in  C2/1.  This  phenomenon,  together  with  the  effects  observed  in 
changing  from  nitrogen  to  hydrogen  flow,  will  be  discussed  in 
section  6.5. 
Benzene  desorptions  from  Pd/SiO 
2. 
Although  both  fast  and  slow  types  of  desorption  process  could 
be  distinguished  in  some  of  the  desorption  curves  for  benzene-C14 
in  hydrogen  flow,  the  nature  of  the  curve  was  found  to  be  dependent 
on  the  period  of  exposure  of  the  catalyst  to  the  initial  benzene-C14 
pulse.  In  experiment  C2/11,  where  the  tracer  pulse  was  admitted  to 
a  normal  hydrogen  carrier  flow,  no  distinct  regions  were  observed  in 
the  semi-lou  desorption  plot  (figure  5.10).  Prolonged  exposure  of 
the  catalyst  to  the  tracer  pulse  in  experiment  C2/111,  however,  gave 
more  readily  discernible  straight-line  regions  of  the  semi-log 
desorption  plot,  the  entire  desorption  being  slower  than  observed 
in  experiment  C2/ll.  We  may  explain  the  difference  in  the  kinetics. 
by  assuming  that  the  adsorption  rate  of  benzene  on  the  metal  was  slow 
compared  with  that  of  chlorobenzene  under  similar  conditions,  and 
. 
that  in  experiment  C2/I1  only  a  small  amount  of  metal  adsorption 
occurred  on  the  metal.  In  experiment  C2/15,  the  initial  period  of 
contact  with  tho  catalyst  was  further  extended.  Once  again  fast  and 
slow  regions  of  first  order  desorption  were  observed,  but  a  tailing 
was  found  at  the  end  of  the  second  rei;  ion,  which  might  again  be 
ascribed  to  the  metal  adsorbed  species.  The  tailing  may  be  attributed 
to  a  further  reaction  of  the  adsorbed  riolecules  to  a  more  stable 
surface  species,  brouSht  about  by  the  prolonCed  exposure  to  the  high 
benzene  concentrations. 
These  considerations  aside,  the  primary  purpose  of  the  benzene 
desorption  studies  uas  to  ascertain  Whether  or  not  the  ylowr  dezorption 
observed  in  the  chlorobenzene  experiments  in  hydrogen  flow  could  be 
attributed  to  adsorbed  benzene  or  a  derivative.  The  values  of  X 
2 2C5 
obtained  in  experiments  C2/1LE  and  15,  respectively  8.6  x  10-1  y-1 
and  6.4  x  10-4  s-1,  compare  well  with  the  value  of  ca.  6x  10-1'  s-1 
obtained  for  the  chlorobenzene  de;  orptions  from  the  sarge  catalyst 
sample  (experiments  2/1  -  6).  Comparing  the  intersections  between 
fast  and  slow  desorption  regions,  the  benzene  desorption  following 
the  longest  initial  radiotracer/catalyot  contact  period  (C2/15)  gave 
an  adsorption  value  similar  to  the  chlorobenzene  desorptions  C2/1  -6 
15  1 
(i.  e.  3.6  x  10  molecule  (mg  catalyst)-).  In  experiment  C2/14, 
with  a  shorter  contact  period,  the  value  was  somewhat  smaller 
(2.6  x  10 
15 
molecule  (mg  catalyst)  -i  ),  which  aGrees  with  the 
proposed  slow  benzene  adsorption. 
The  benzene  desorption  under  nitrogen  flow  (C2/16)  was  rather 
more  conplex  than  those  for  chlorobenzene  (see  figure  5.11).  The 
desorption  curve  appeared  to  be  divided  into  three  regions,  as  opposed 
to  the  two  observed  with  chlorobenzene.  The  second  region  had  a 
rate  constant  only  marginally  smaller  than  the  slow  region  under 
hydrogen  flow,  but  faster  than  the  chlörobenzene  desorptions  under 
nitrogen  flow.  The  third  part  of  the  desorption  curve  was  considerably 
slower  than  the  slow  chiorobenzene  desorption  under  nitrogen  flow. 
The  adsorption  at  the  intersection  between  regions  2O  and  3  of  this 
curve,  I.,  was  comparable  with  that  for  the  deso:  ptions  under  hydrogen 
flow,  sug  estino  that  it  is  region  3O  of  the  curve  which  should  be 
used  in  comparing  the  desorption  rates  under  nitrogen  and  hydrogen 
flows.  The  intersection  between  regions 
O 
and  2O  , 
I2,  vas  a 
factor  of  ca.  3  higher,  suggesting  that  region 
O2 
of  the  curve 
represents  a  process  which  has  no  direct  analogue  under  hydrogen 
flow.  The  significance  of  these  findin;;  c  will  be  more  fully  discussed 
in  section  6.5. 
It  is  worthwhile  noting  here,  however,  that  region 
0 
of  this 
curve  has  a  rate  constant  approximately  an  order  of  magnitude  lower 
than  those  for  tue  slow  benzene  and  chlorobenzene  experiments  in 
hydrogen  flow.  Vie  may  once  again  interpret  these  findin,;  s  in  terms 
either  of  an  enhanced  desorption  rate  due  to  further  reaction  of 
associatively  adsorbed  benzene  with,  or  üicplacement  by,  hydro,  -en,  or 
alternatively,  a  dissociatively  adsorbed  benzene  which  requires  the 
,,.,,  Once  of  hydrogen  to  effect  desorption. 2LÜ 
In  experiment  C2/13,  a  pulse  of  a  mixture  of  non-radioactive 
chlorobenzene  and  benzene-C14  was  passed  o-:  er  the  catalyst  in  hydrogen 
flow.  Comparing  the  resulting  desorption  curve  with  that  from 
experiment  C2/11  where  only  benzene-C14  was  used  (both  experiments 
were  conducted  with  a  normal  hydrogen  flow  throughout),  the  mixed 
pulse  gave  greater  benzene  adsorption  on  the  metal.  We  may  conclude 
that  product  benzene  adsorbed  on  the  metal  derived  from  the  non- 
radiotracer  chlorobenzene,  was  exchangeable  with  the  tracer  benzene. 
Two  conclusions  may  be  drawn  from  this  experiment.  Firstly,  that 
the  slow  desorption  during  chlorobenzene  experiments  is  attributable 
to  benzene  or  a  derivative,  and  secondly,  that  the  desorption  of  this 
species  occurs  in  a  step-wise  fashion,  involving  a  number  of  adsorption- 
desorption  steps. 
Chlorobenzene  desorptions  from  Pd  black. 
From  the  previous  desorption  experiments,  it  was  expected  that 
the  desorption  rate  of  chlorobenzene  from  Pd  black  in  hydrogen  flow 
should  correspond  to  the  slow  desorption  rate  constants  observed  t'nder 
similar  conditions  for  Pd/SiO2  catalysts.  In  experiment  PdBl/l,  a 
two  component  semi-lo.  -  desorption  curve  was  found  with  a  slow  decorption 
rate  constant  of  3.4  r.  10-4  s-1,  rather  slower  than  the  values  obtained 
with  catalyst  C  (4.  k7;  "-  Pd/SiO2),  and  substantially  slower  than  that 
obtained  in  experiment  B4/1  with  1.08%  Pd/Sb 
2. 
The  difference  observed 
with  varying  Pd  content  might  be  explained  by  assuming  that  benzene  or 
a  derivative  desorbs  by  a  multi-step,  adsorption-desorption  mechanism 
in  the  absence  of  chlorobenzene.  This  process  was  also  deduced  from 
the  desorption  of  a  non-radiotracer  chlorobenzene/benzene-C14  pulse. 
Under  these  circumstances,  the  desorption  process  I:;  ould  be  retarded 
by  increasing  the  available  metal  area. 
I-lost  of  the  adsorbed  material,  ho;  =never,  was  desorbod  at  a  much 
faster  rate,  and  by  analogy  with  the  benzene  desorption  eyperimentc, 
increasing  the  length  of  initial  contact  of  raciiotracer  and  catalyst 
was  tried  in  e.,  periment  Pd31/3.  This  procedure  Was  found  to  have  the 
opposite  effect  in  this  case,  the  proportion  of  slowly  desorbod  radio- 
tracer  being  substantially  reduced.  L-ºcreacinG  the  amount  of  radio- 
tracer  initially  adoorbed  .,.  as  found  to  increase  the  quantity  of  L;  lowly 
'decorbed  species,  but  this  fraction  of  the  initially  adsorbed  molecules 
was  never  L;  reater  than  1001ö. -_C7 
In  spite  of  the  difficulties  involved  in  explaining  the  initial 
rapid  desorption  process  from  this  catalyst,  we  may  conclude  that  at 
least  part  of  the  observed  desorption  is  compatible  with  metal  ad- 
sorption  being  responsible  for  the  slow  desorptionc  under  similar 
conditions  from  the  Pd/SiO  2  catalysts. 
Radiotracer  disnlacerents. 
If  we  are  to  assume  that  the  active  part  of  Pd/SiO 
2  surface  is 
that  on  which  the  slow  chlorobenzene  and  benzene  deco:  ptions  are 
observed,  then  during  the  constant  flow  reaction  and  the  initial  part 
of  the  chlorobenzene  desorption  in  hydrogen  flow  product  molecules 
adsorbed  on  this  part  of  the  surface  must  be  readily  displaced  by 
those  from  the  support.  If  the  desorption  process  was  the  rate 
determining  step  in  the  hydrogenolysis  reaction,  the  reaction  rate 
should  be  given  by  the  product  of  the  metal  surface  coverage  and  the 
desorption  rate  constant.  This  product  Gives  a  value  of  ca.  2x  1012 
-1  1 
molecule  s  (mß  catalyst)  compared  with  an  observed  reaction  rate  of 
1.52  x  1014  molecule  s-1  (mg  catalyst)-'  for  the  same  catalyst, 
calculated  from  the  data  of  section  5.7.  Product  molecules  adsorbed 
on  the  raetal  must  therefore  be  displaced  by  unreacted  or  reacting 
chlorobenzene  to  account  for  the  reaction  rate. 
To  confirrs  this  theory,  in  experiment  C2/10  (see  figure  p.  9), 
a  pulse  of  non-radioactive  chlorobenzene  was  passed  over  a  catalyst 
bearing  the  long;  lived  radiotracer  species  in  hydrogen  flow.  The 
radiotracer  pulse  was  initially  adsorbed  under  nitroGen  flow  to  allow 
desorption  from  the  support  before  hydrogen  flow  vlas  introduced. 
The  non-radioactive  chlorobenzene  pulse  was  introduced  durinL;  the 
later,  slow  region  of  the  desorption  curve  in  hydro-, -en  flott,  (  (D 
of 
fisure  5.9).  The  ensuinü  rapid  fall  in  count  rate  indicates  a  ready 
displaces  esst  of  adsorbed  radiotracer.  More  than  95;  ';  of  the  adsorbed 
tracer  wac  displaced. 
A  similar  experiment  was  conducted  with  an  initial  pulse  of 
benzene-C14  adsorbed  over  a  contact  -eriod  of  3000  c.  VYhile  a 
noticeable  increase  was  observed  in  the  desorption  rate  follor;  i.  nJ; 
the  addition  of  non-radioactive  chlorobenzene,  this  was  less  i:  iarkod 
tYiaiz  in  experirieat  C2/10.  As  noted  previously,  the  initial  long; 
contact  period  of  the  benzene  Pulse  with  the  catalyst  produced  a 
tailinc  durinL;  the  slow  desorption  section  of  ti-le  curve  ';:  hick  we 208 
ascribed  to  the  formation  of  more  stronLly  bonded  species  on  the 
metal.  It  may  be  concluded  that  such  species  are  not  readily  dis- 
placed  by  chlorobenzene. 
?  ii  tenrerature  chlorobenzene  desorvtions. 
The  activation  energy  of  desorption,  Ed,  may  be  expressed  in 
terns  of  the  heat  of  adsorption,  A  Ha,  and  the  activation  energy 
of  adsorption,  Ea  (e.  g.  182). 
Ed  =  -AE  a+ 
Ea 
For  a  non-activated  chemisorption  or  physisorption,  Ea  is  zero 
and  the  activation  energy  of  desorption  may  be  equated  with  the  heat 
of  adsorption.  In  all  cases,  the  activation  energy  of  desorption 
iveo  an  upper  limit  for  the  heat  of  adsorption. 
In  the  chlorobenzene  desorptions  from  silica,  the  activation 
energy  of  desorption  was  calculated  as  35.3±  2.2  kJ  gaol-1"  As  this 
value  is  close  to  that  of  the  heat  of  vaporization  of  chlorobenzene 
(ca.  36  10  mol-1),  we  may  surmise  that  physically  adsorbed  chlorobenzene 
was  observed.  It  is  therefore  sot:  iewhat  surprising  to  find  that  the 
calculated  vc.  -lue 
for  the  apparent  activation  energy  of  desorption  for 
chlorobenzene  from  4.77%  Pd/SiO 
2  was  20.6  ±  2.5  kJ  mol-l. 
It  was  suL;  Sosted  earlier  that  chlorobenzene  desorption  from  the 
support  occurred  larSely  via  hydrogonolycia  on  the  metal  surface, 
direct  desorption  of  chlorobenzene  from  tine  support  to  the  Gas  p:  haco 
playing  a  subsidiary  role.  We  should  therefore  loot,  for  the  rate 
determining  step  of  the  desorption  in  ter::  is  of  tie  transfer  of  noleculos 
from  the  support  to  the  metal  and  hence  to  the  Gas  phase.  AE  the 
activation  enemy  of  desorption  of  a  cheirisorbed  molecule  gust  be  at 
least  as  large  as  the  heat  of  physical  adsorption,  we  :  aay  concludo 
that  the  rate  deter.,  Aning  step  of  the  desorption  i;  not  the  desorption 
itself.  gather,  the  107'  value  of  activation  ener-f  cutýbests  tüat 
surface  miCration  of  chlorobo:  ize:  e  from  support  to  raotal  may  be  tho 
rate  deter11ininL;  step.  The  alternative  mechanism  for  this  transfer 
would  be  a  desorption  of  chlorobenzene  from  the  support  followed  by 
readoorption  on  tiic  rietal,  but  the  activation  enercy  for  tiiic  proeooo 
äilouid  be  at  lcaot  as  larGe  as  that  foz"  Lie  desorption  frort  ti;  U  cuip.  rort. 2C9 
In  conclusion,  we  may  write  three  possible  cnechanisras  for  the  cliloro- 
benzene  desorption: 
(a)  desorption  from  the  support; 
(b)  desorption  from  the  support  followed  by  readsorption  and  reaction 
on  the  metal,  the  molecule  finally  being  desorbed  as  benzene; 
(c)  surface  migration  from  the  support  to  metal,  followed  by  reaction 
and  desorption  as  benzene. 
Mechanism  (a)  occurs  in  the  absence  of  the  metal,  and  may  therefore 
be  assumed  to  occur  to  some  extent  with  metal  present.  This  in  turn 
indicates  the  probability  of  step  (b)  occurring.  Process  (c)  is  also 
necessary  to  explain  the  low  value  of  activation  energy  of  desorption 
observed. 
6.3.  Mechanism  and  kinetic  analysis  of  chlorobenzene  desorptions 
in  hydrogen  flow. 
The  decorption  mechanism.. 
HavinG  discussed  the  observations  from  the  different  types  of 
desorption  experiment  performed,  we  wish  now  to  assemble  an  overall 
picture  of  the  various  possible  processes  occurring  as  a  basis  for  a 
kinetic  analysis.  Figure  6.1  gives  an  outline  of  the  processes  necessary 
to  explain  the  experimental  observations,  primarily  relatinto  the  do-  0 
rather  than  constant  flow  conditions.  The  evidence  for  each 
of  the  steps  as  labelled  in  the  diagram  may  be  summarised  as  follows: 
A:  Adsorption  of  ciilorobenzene  from  the  as  phase  on  the  metal. 
While  tbi￿  adsorption  can  presumably  taito  place,  as  in  the  zallad;  ium 
black  experiments,  it  may  be  of  little  importance  vrlien  lar;;  e  amounts 
of  chlorobenzene  are  adsorbed  on  the  su'Jport.  The  reverse  reaction, 
the  desorption  of  ci,  lorobenzene  fron  the  metal,  is  probably  of 
little  consequence  in  the  presence  of  hydroCen,  as  we  Lnay  see  from 
the  slow  decor  ticns  under  ni-ro-en  flow. 
B:  Adsorption/desorption  of  chlorobenzene  on  the  3upport.  Frc 
the  constant  flow  experizucat  with  a  silica  sa.  a  is  (13-51/1)  and  the 
pulseu  i1ovr  e  eri:.  ients  under  nitrcý-en  flow,  both  procecSo8  .:  Jay  bo 
assumed  to  take  place  in  the  desorption  experiment$.  The  oboorvod 
decorption  process  may  well  consist  of  a  series  of  desorption  - 210 
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Figur.  Outline  of  the  processes  occurring  during 
the  desorption  of  chiorobenzene  from  Pd/Si02  in  H2 
flow.  The  heavy  lines  indicate  the  most  probable  route 
during  the  constant  flow  reaction. 2)1 
adsorption  steps  culminatinG  in  removal  from  the  catalysis  chamber 
in  the  carrier  das  flow. 
C:  Adsorption  of  chlorobenzene  on  the  metal  from  the  support. 
As  chlorobenzene  may  desorb  from  the  support  and  separately  adsorb 
on  the  metal,  part  of  the  transfer  from  support  to  metal  must  occur 
via  the  das  phase.  17e  have,  however,  seen  that  the  apparent 
activation  energy  for  the  desorption  process  from  the  catalyst 
is  lower  than  that  from  the  support.  This  result  suggests  that 
a  significant  part  of  the  support  to  metal  transfer  occurs  by 
surface  migration. 
D:  Hydrogenolysis  reaction.  In  figure  6.1  we  have  represented 
this  reaction  as  occurrinG  between  adsorbed  chlorobenzene  and 
adsorbed  hydrogen.  From  section  3.2,  however,  the  kinetics 
observed  by  Kraus  and  Bazant  (131)  allot;  the  possibility  of  gas 
phase  reaction  of  chlorobenzene  with  adsorbed  hydrogen,  i.  e.  a 
nideal-Eley  type  mechanism.  In  this  case  the  initially  adsorbed 
species  on  the  metal  in  step  C  may  not  be  chlorobenzene  but  an 
intermediate  formed  by  addition  of  a  hydride  ion.  Steps  C  and  D 
would  then  become  indistinguishable  but  the  overall  kinetics  of 
the  desorption  would  be  unaffected. 
E:  Displacement  *of  metal-adsorbed  benzene  by  chlerobenzene  from 
the  support.  We  have  seen  that  the  species  slowly  desorbed  from 
the  metal  may  be  rapidly  displaced  by  chlorobenzene.  As  the 
hydro;  enolysis  reaction  occurs  relatively  rapidly,  the  rate 
controllin;;  step  may  be  attributed  to  the  '3enzene  displace,  ^ent 
by  chlorobenzene.  Assuming  high  active  surface  coveraZe,  if  the 
hydrogenolysis  reaction  were  rate  controlling  the  desorption  should 
be  zero  order  with  respect  to  support  coverage.  From  the  hydrogen 
flow  chlorobenzene  desorptions  followin;  various  initial  adsorption 
levels,  the  initial  desorption  rates  have  an  approximately  first 
order  dependence  on  the  support  adsorption,  showing  the  rate  of 
supply  of  ciilorobenzene  to  be  rate  limiting.  The  hydrogen  chloride 
produced  by  the  reaction  has  been  shown  as  n  das  phase  product. 
From  the  results  of  the  pre  sent  study  it  was  not  poc;  sible  to  dctormino 
the  presence  of  any  intermediate  adsorbed  species  or  any  obvious 
effect  on  the  desorption  kinetics  c:  ue  to  adsorbed  hydrogen  chlorido. 212 
F:  Desorption  of  hydrocarbon  from  the  metal.  The  nature  of 
the  material  desorbed  in  the  latter,  slow  part  of  the  desorption 
curves  was  not  determined.  We  may,  however,  assume  this  to  be 
benzene  or  a  hydrogenated  derivative.  The  process  is  in  any  case 
relatively  slow,  and  should  play  little  part  in  the  reaction  scheme 
under  constant  flow  conditions  or  with  high  support  coverage. 
º"!  e  have  so  far  neglected  the  possible  contribution  of  product 
benzene  adsorbed  on  the  support  to  the  observed  desorptions.  'a'le 
may  conclude,  however,  that  if  benzene  was  hold  on  the  support  to 
an  extent  comparable  with  chlorobenzene,  the  overall  desorption  rate 
should  not  be  dependent  on  the  reaction  rate.  Comparing  the 
desorption  experiments  under  nitrogen  and  hydrogen  flows,  benzene 
desorption  must  be  rapid  relative  to  that  of  chlorobenzene. 
we  may  now  ,  ive  a  sequence  of  steps  which  a  chlorobenzene 
molecule  is  most  likely  to  undergo  in  reaction  under  constant 
flog  conditions  or  during  the  initial  part  of  the  desorption  under 
hydrogen  flow  (shown  in  figure  6.1  with  heavy  arrows):  B-E  (as 
chlorobenzene)  -D-E  (as  benzene). Z13 
The  desorption  rate  equation. 
The  si  nificant  steps  in  the  proposed  desorption  scheme  may 
be  listed  as  follows: 
(i)  c6x5c1  k  c6H5ci  (ý) 
s 
(2)  C6H5C1  C6  H5  Cl 
äMM  .S 
(3)  C61-15cl  Hc6H6 
I 
+2 
1kI 
+HC1+  21 
2f  II  MH 
(ý+)  C6  H5  C1  C6H6  c6H5c1 
+(>1+  C6H6  (9)  + 
S  III  Mg 
(5)  C61i6  c6HX  (ý) 
14  M 
where 
I  represents  a  support  adsorption  site  and  Ia  metal 
S  j.  i 
adsorption  site.  (9)  indicates  a  gas  phase  species. 21!  } 
Before  for_,:  ulatia  a  de-sorption  rate  equation,  vie  could  first 
consider  the  possible  effects  of  surface  heteroLeneity  on  the  rate 
constants  for  the  above  processes.  It  is  a  notable  feature  of  the 
chlorobenzene  desorption  curves  under  hydrogen  flow,  that  a  fairly 
strict  first  order  relationship  exists  between  adsorption  level  and 
desorption  rate  for  each  region  of  tiie  curves,  indicating  a  possible 
lack  of  surface  heterogeneity.  We  have,  however,  seen  that  some  of 
the  results  obtained  point  to  a  multi-step  desorption  process  which 
may  result  in  only  the  ""average"  process  being  seen.  For  the  regions 
of  the  surface  on  which  adsorption  was  detected  we  shall  therefore 
neglect  effects  due  to  heterogeneity. 
Let  x  be  the  number  of  tracer  bearing  support  adsorbed  molecules 
and  y  the  total  number  of  tracer  bearing  molecules  adsorbed  on  the 
metal  at  time  t,  and  N  the  number  of  available  metal  adsorption  sites. 
For  the  support  desorption  rate  we  may  write 
- 
dx 
^  k1x  +  k2x  (111-Y)  +  kkxy  Equation  6.1 
dt 
Assurin6  that  the  rate  of  adsorption  of  chlorobenzene  on  vacant 
metal  sites  and  the  displacement  of  benzene  adsorbed  on  the  metal  by 
chlorobenzene  ad3orbed  on  the  support  are  both  controlled  by  tho  transport 
of  chlorobenzene  from  the  support  to  the  metal,  we  may  equate  the  rate 
constants  k2  and  k, 
F. 
Equation  6.1  then  simplifies  to 
dx 
_  (k1  +  kZ  PSI) 
dt 
Equation  6.2 
The  rate  of  chance  of  the  tot!.  l  metal  adsorption  may  be  Givon  as 
- 
dy 
ät 
=  k5y  Equation  6.3 
This  equation  assures  that  step  (3)  above  is  fast  compared  with 
steps  (2)  and  (4).  The  overall  desorption  rate  may  be  obtained  by 
addition  of  equations  6.1  and  6.3: 215 
dz  dx  dy 
=  klx  +  k5y  +  k4xy  Equation  6.4 
d  dt  dt 
where  z=  total  number  of  tracer  bearing  molecules  adsorbed  on  the 
catalyst  =x+Y. 
During  the  initial  part  of  the  desorption  curve,  accuninG  that 
the  fractional  metal  coverage  is  almost  unity  (i.  e.  y--M)  and  k5y 
is  small,  we  may  approximate  the  desorption  rate  to 
dz 
_  (k1  +  k4  M)x 
ät 
Equation  6.5 
In  the  latter  part  of  the  desorption,  the  support  adsorption 
may  be  assumed  negligible  and  equation  6.4  becomes 
- 
dz 
=  k5Y 
dt 
Equation  6.6 
Equations  6.5  and  6.6,  which  indicate  an  approximately  first 
order  relationship  between  the  total  adsorption  level  and  desorption 
rate  at  the  beginning  and  end  of  the  desorption  curves  agree  grell  with 
the  experimental  semi-log  plots. 
Since  it  was  not  possible  to  derive  an  integrated  form  of  the 
total  desorption  rate  equation,  6.4,  directly,  this  was  done  by 
separately  deri-inc';  integrated  forms  for  x  and  y. 
Equation  6.2  is  a  standard  first  order  differential  equation, 
having  a  solution 
x=  xo  exp(-  Kt)  Equation  6.7 
whore  li=111+k2M 
and  xo  =  value  of  x  at  time  zero. 
To  integrate  equation  6.3  it  is  simpleot  to  proceed  by  elimination 
of  t  between  equations  6.2  and  3  rather  than  x  between  equations 21G 
6.3  and  7.  Since 
dy  dy  dx 
dt  dx  dt 
--  Y 
and  dxät 
(from  equation  6.2), 
dy 
_ 
dy. 
-  Kx 
dt  dx 
i.  e.  from  equation  6.3 
dy 
Kx  =  k5y  -  k2x  (M  -  y) 
dx 
or,  rearranging 
dy 
`y 
k2 
+ 
k5  k2  tai 
dx  K  Kx  K 
Equation  6.8 
This  is  a  standard  differential  equation  of  the  form 
dy 
+  P(x)y  =  Q(x) 
x 
(see  e.  g.  183),  which  has  the  solution 
Y=I-1 
(  fIQ(x)dx+C 
where  I=  exp  (  fP(x)dx) 
and  C=  constant  olf  integration. 
IZelatinG  the  symboic  of  equations  6.8  and  6.9 
ký 
P(X)  +  f:  x 
Equation  6.9 217 
If  A=  -5,  B=-12  andD=  -  `2M 
KKK 
then  I=  exp 
\A+ 
B)  dx 
i.  e.  I=  xA  eBx  Equation  6.10 
In  order  to  evaluate  the  expression 
fIdx 
=  DfxAeIIxdx  Equation  6.11 
we  must  first  express  xAeßx  as  an  infinite  series 
XAeBx  _  XA  E  (R;  {) 
n 
n,  o  n! 
co  BnYn  +A 
n=o  n! 
From  equation  6.11, 
fiodx  =DE 
n_-o 
CO 
Df 
A=o 
Bnxn+A 
dx 
n! 
Bnx(n  +A+  1) 
(n  +A+  1)n! 
i.  e. 
flQdx 
=  DS(x)  Equation  6.12 
°O 
Enx(n  +A+  1) 
where  Stx)  =ýj 
"n: 
oo  (n+A+l)n! 
Substitutinb  equations  6.10  and  6.12  into  6.9,  we  obtain 
-A-By  xe  (DS(x)  +  C)  Equation  6.13 213 
At  time  t=o,  if  S(x)  =  So,  y=  yo  and  x=  x0,  rearrancinc 
equation  6.13  we  have 
C=y0x0A  e"x  -  DSO  Equation  6.14 
ExpandinG  equation  6.13  in  tarms  of  the  rate  constants  gives  us 
k5/K  ls2x/K 
k2M 
y=  xe-  S(x)  +  Equation  6.15 
K 
co  nn-+ 
1) 
where  S(x)  _ 
ýK 
x 
n=o  (n 
-+1)n! 
K 
-1c.  )rIK  -  k2xo/K  k2  m 
and  C=  yox0  e+K  So 
The  expression  for  x,  equation  6.7,  nay  be  substituted  to  Give 
y  in  terns  of  t,  and  the  total  adsorption  at  time  t  is  given  by  the 
equation 
z_  xoe-Kt  +xk 
o5 
/K 
exp  -  k5t  + 
I' 
K2  o-I. 
t  k 
1_1(x)+cJ 
M 
Equation  6.16 
Before  proceeding  to  the  direct  application  of  this  equation  to 
the  experimental  desorption  curves,  we  shall  first  deccribe  a  graphical 
approach  using  the  differential  forms  of  the  rate  equations. 
Preliminary  rai+hical  analysis. 
In  section  5.2  values  were  recorded  for  the  initial  and  final 
first  order  rate  constants  for  t-ho  chlorobenzene  deaorptions  in 
hydrogen  flow  ,A1  and  A2  respectively.  From  equations  6.5  and 
6.6  respectively,  we  may  interpret  these  values  in  torir,  s  of  tho  rate 
.  constants  for  the  proposed  desorption  mechanism: --I, 
1  s,  1.1  +  1.4T,  i  =K 
x2  k5y 
In  an  attempt  to  obtain  a  value  of  N,  the  number  of  metal 
adsorption  sites,  the  following  graphical  procedure  was  adopted 
(figure  '.  2  gives  a  schematic  representation  of  the  various  plots 
used). 
(1)  A  value  of  11  was  c'Llocen  initially  as  the  point  of  intersection 
of  the  two  "strai;;  ht-line"  regions  of  the  semi-los  desorption  curve 
(see  figure  6.2(a)). 
(2)  rurinö  the  initial  part  of  the  desorption  curve,  the  adsorption 
level  on  the  metal,  y,  was  assumed  to  be  appro::  imately  equal  to  the 
number  of  metal  adsorption  sites,  M.  The  initial  value  of  1-1  was 
therefore  subtracted  from  the  initial  total  adsorption  values,  z,  and 
ln(z  -  ",  A),  plotted  a.  ainst  tiiiie  to  Live  the  type  of  plot  shown  in 
figure  6.2(b).  The  initial  value  of  the  slope  of  this  plot  was 
taken  as  -  K. 
(3)  Assuming  that  the  desorption,  from  the  support  was  a  first 
order  process  throughout  the  experiiaeat,  the  initial  linear  region 
of  the  ln(z  -  1.4)  versus  time  plot  was  extrapolated  to  Cive  valuos 
of  x  (the  support  adsorpticn)  at  later  times  in  tie  experiment 
(see  figure  6.2(b)). 
(4)  The  values  of  x  so  obtained  were  subtracted  from  the  values 
of  total  adsorption,  z,  to  give  a  curve  of  the  type  shown  in  fi-ure 
6.2(c)  for  in  y  (tr.  ctcl  adrorpticn)  vercuc  time.  The  final  clo-.  e  of 
this  curve  was  taken  as  -  k5. 
(5)  The  value  of  kl  was  estimated  frcI;  1  the  initial  chlorooenzolio 
desorption  rate  from  the  same  catalyst  in  .  iitroýen  flo..  Ac  no 
reaction  occurred  in  tiiis  caso,  the  only  major  decorpl, 
'Jon  proeeco 
should  be  te  direct  desorption  of  chlorobc:  iize::  e  freri  the  cupport. 
A  value  of  l. 
`  was  then  calculated  froca  the  rolationsiiip 
K  kl  +  k2M «v 
to  z  initial 
".  M  value 
In 
tz-M) 
time  --- 
(a) 
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% 
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time  ---  time 
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Figure  6.2.  Schematic  representation  of  the  plots  used 
in  the  graphical  analysis  of  the  chlorobenzene  deoorp- 
tions. 221 
(6)  The  calculated  values  of  the  rate  constants  and  the  cupport 
and  metal  adsorptions  were  inserted  into  equation  6.4  to  obtain  values 
of  the  desorption  curve  Gradient  at  various  values  of  time,  and  compared 
with  the  values  of  the  Gradient  measured  from  the  experimental  curve. 
(7)  (1)  -  (6)  were  repeated  for  different  values  of  M  chosen  in 
the  reGion  of  the  initial  value. 
Since  experiment  C2/3  represented  the  most  complete  desorption 
curve  from  hibh  to  low  coverage  and  had  the  Greater  accuracy  inherent 
in  the  use  of  high  specific  activity  radiotracQr,  the  method  of 
analysis  outlined  above  was  applied  primarily  to  this  curve.  The 
optimum  values  obtained  were:  M=3.3  x  1015  sites  (a.  catalyst)-', 
K=3.7  x  10-3  S-1,  kl  =  5.2  x  10-4  s-1,  k2  =  9.4  x  10  -198-1  site-1 
(mg  catalyst),  k5  =  5.8  x  10-4  s-10 
As  this  method  of  analysis  was  felt  to  be  rather  cumbersome  it 
was  not  extended  to  the  other  desorption  experiments.  The  values  of 
the  rate  constants  and  M  calculated  for  C2/3  were,  however,  used  as 
a  basis  for  calculations  from  the  integrated  rate  equation. 
Desorption  simulation. 
As  a  first  step  towards  finding  the  optimum  values  of  M  and  the 
rate  constants  to  fit  equation  6.16,  a  computer  program  was  written 
to  calculate  values  of  z  for  given  values  of  N,  K,  k2,  It. 
5  and  zoo 
This  program,  ,  "iCL  PLOT",  written  in  language  suitable  for  a  Fiewlett- 
packard  HP;  320  programmable  calculator  (as  was  the  program  "  OCL  FIT" 
discussed  below),  is  given  in  appendix  III.  1.  The  proE;  raea  calculated 
values  of  z  at  2C0  s  intervals  from  t=o  to  t=  1000  c.  Fil;  ure  6.3 
show  the  vlot  obtained  using  the  values  of  ii  and  the  rate  constants 
obtained  by  the  £raphical  method  from  C2/3.  This  curve  coiiparoa 
favourably  with  the  type  obtained  experimentally,  and  shovv  that 
equation  6.16  is  a  good  model  for  the  observed  surface  processes. 
Iterative  curve  fitti1  . 
The  pro,,  rani  "JCL  FIT",  given  in  appendix  111.2,  was  deul6ned  to 
iteratively  obtain  optimum  values  for  H,  k2  and  k5  for  a  -.  ivon  value 
of:  k1  and  a  set  of  four  points  on  the  experimental  desorption  curve. 
The  pro;,  ram  functioned  as  follows: 
(1)  lniticl  values  of  k1,  k,  ￿  k5  and  M  were  chosen,  based  on 
those  fron  the  Crapiical 
solution 
of  experi:  aent  C2/3.  Values  of  z 222 
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were  taken  from  the  experimental  desorption  curve  for  t=0,600, 
1400  and  3000  s.  The  time  zero  was  chosen  at  a  convenient  point 
near  the  beginning  of  the  desorption. 
(2)  Values  of  z  were  calculated  by  a  subroutine  based  on  the 
program  "OCL  PLOT"  for  values  of  t  at  600,1400  and  3000  s  respectively, 
using  the  initial  values  of  kl,  k2,  k5,  M  and  z0. 
(3)  The  calculated  value  of  z  at  t=  600  s  was  compared  with  the 
experimental  value.  If  these  values  were  within  0.3%  of  each  other, 
the  value  of  k2  was  accepted  and  the  program  passed  to  the  next  step. 
If  the  difference  exceeded  this  value,  k1  was  adjusted  to  an  extent 
depending  on  the  discrepancy  and  (2)  repeated  with  the  new  value  of  k1. 
(4)  The  calculated  value  of  z  at  t=  1kC0  s  was  compared  with 
the  experimental  value.  If  the  values  differed  by  more  than  0.3%, 
a  new  value  of  M  was  chosen  based  on  the  magnitude  of  the  discrepancy, 
k2  adjusted  to  maintain  k2M  constant  and  the  program  returned  to  (2). 
(5)  Having  obtained  a  satisfactory  fit  for  z  at  t=  600  and  14CO  s, 
the  calculated  and  experimental  values  of  z  at  t=  3000  s  were  compared. 
The  difference  was  used  to  compute  a  better  value  for  k5:  If  the 
difference  was  greater  than  0.3%  the  program  once  again  returned  to 
step  (2)  above,  to  calculate  values  of  z  with  the  improved  values  of 
k2,  k5  and  M. 
(6)  Having  achieved  agreement  between  the  calculated  and  experin:  eatal 
values  of  z  to  within  0.3%,  the  final  values  of  k2,  k5  and  U  were 
printed  out. 
Durinb  the  above  procedure,  the  initial  value  of  kl  was  maintained 
throughout.  Table  6.2  ; rives  values  of  It2,  k5,  M  and  K  calculatod  in 
this  fas:  iion  for  a  range  of  initial  values  of  kl.  As  it  was  found 
that  a  satisfactory  curve  fit  could  be  obtained  with  any  of  these  values 
of  kl,  this  type  of  analysis  could  not  provide  a  unique  set  of  rate 
constants.  An  inspection  of  the  values  given  in  table  6.2,  however, 
shouts  little  variation  is  the  values  of  k,,  11  and  K  over  the  ran6o  of 
kl  values  u:,  cd. 
In  order  to  fix  the  values  of  kl  and  It  :  yore  dofiuitcly,  a  value 
11 
of  kl  gras  souEht  fron  the  chlorebenzene  desorptionc  from  catalyst  C 
in'  nitrogen  flow.  The  desorption  plot  from  experiment  C1/1  ý;  as  eilosen 
for  this  purpose,  havinG  the  1onGeat  initial  fast  dccorption  section «4 
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in  the  semi-lot,  plot.  By  a  method  similar  to  the  graphical  a;  -roach 
outliuca  above,  a  value  of  11  ,.  ac  chos:!  r.  c  the  intersection  of  t.  110 
slow  and  fast  sections  of  this  curve  and  subtracted  from  the  initial 
values  of  adsorption,  z.  The  initial  slope  of  the  curve,  ln(z  -  11) 
versus  t  was  taken  as  the  rate  constant  for  desorption  fron  the  support 
in  the  absence  of  reaction,  i.  e.  k1.  The  calculated  value  of  1:  1  was 
8.11  x  l0-4  s-Z. 
With  this  value  of  kl,  the  iterative  curve  fitting  program  was 
applied  to  the  desorption  curves  from  experiments  C2/1,2,3  and  5 
(ex.  eriment  C2/6  'aas  omitted  as  the  initial  adsorption  level  was  loss 
than  the  estimated  value  of  M  for  the  other  curve).  The  constants 
calculated  for  each  of  the  experiments  are  given  in  table  6.3.  An 
an  example  of  the  agreement  between  the  calculated  and  exrerimental 
adoor  Lion  values,  figure  6.4  shows  the  e.:  7eriwontal  points  frc-a 
experi-.  tent  C2/3  and  the  points  calculated  by  the  program  "iCL  PLOT", 
based  on  the  constants  derived-from  "OCL  FIT"  with  kl  =  8.11  x  10-4  s-l. 
The  values  of  i":  ;  riven  in  table  6.3  do  not  ap_  ear  to  vary  re  j;  ularly 
with  the  maximum  adsorption  level  for  the  experiment.  We  may  therefore 
attribute  the  variation  to  experi.  mental  error  and  assign  a  mean  value 
to  1.1  of  (4.  l  ±  0.8)  ;:  1015  sites  (ms;  catalyst)-l.  "innilarly,  lt5 
appears  to  vary  randomly.  K,  ho;,  ever,  shows  a  definite  tread  to 
higher  values  with  decreasing  initial  adsorption.  :  Ay  K=  kl  +  k2N, 
the  variation  raust  be  attributable  to  one  or  : core  of  kl,  Ic2  and  M. 
kl  is  the  desorption  rate  constant  for  chlorobv  zene  from  the  support 
and  is  therefore  unlikely  to  vary,  and  It,  as  . aentioned  abovo,  chows 
no  obvious  trend.  .;;  e  nay  therefore  ascribe  the  vari^tion  in  K  to 
thct  of  k2,  t:.  e  values  for  :  wich  do  :;  hoe:  a  trend,  r.  lthcu,:  z  not  oß 
definite  as  that  for  R.  hn  the  value  of  k,  is  e;;  centi.:  lly  calculated 
frcm  X  usinE;  k1  and  11,  we  ,,,  -y  attribute  the  lac  of  clarity  in  the 
trend  of  k2  to  the  inaccuracy  of  the  individual  M  valuuc. 
If  we  tlterefore  accept  that  k2  increases  with  d.  tcroacing  adoorption, 
nay  we  reconcile  this  phoncinena  with  the  proposed  def:  or.  tion  :  echntiim,  't? 
The  ,  -:.  'ococs  governed  by  k2  udder  t:,  is  cchei.  io  iL;  the  c:  i3;  lacc.:  jeltt  of 
:  trodt:  c  t  aeazcac  adsorbed  on  the  metal  by  chlorobcnzone  frc::  t  the  cup;  ert. 
If  this  process  was  indeed  controlled  by  the  :  titration  of  chloroboozono 
from  support  to  metal,  wo  would  expect  it  to  be  first  order  with  respect 
to  the  support  adsorption.  In  this  CaO  rtiro  value  of  Ist  chould  be 226 
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Figure  6.4.  "Experimental  and  calculated  pointo  from 
the  experiment  C2/3  desorption,  with  k1=  8.11x104&1. 
The  arrows  indicate  the  points  to  which  the 
calculated  curve  was  fitted. 22t' 
independent  of  surface  coverase.  If,  on  the  other  hand,  the  process 
was  controlled  by  the  reaction  of  chlorobenzene  to  benzene  on  the 
metal,  then  the  process  might  be  expected  to  conform  to  zero  order 
kinetics  v:  ith  respect  to  support  coverage,  assu:  nin&  rnoet  of  the  metal 
sites  to  be  occupied.  This  mechanism  would  result  in  an  inverse 
proportional  relationship  between  the  adsorption  and  the  value  of 
!  ý.,  taking;  1s2  as  a  fir  st-order  rate  constant.  As  the  value  of  k2 
varies  by  less  than  a  factor  of  3  over  a  correspondinC  chanLe  in 
maximum  adsorption  of  a  factor  of  ca.  33,  we  may  assume  only  a  slight 
deviation  from  a  first-order  dependence  of  the  rate  on  the  support 
coverage.  It  may  be,  however,  that  as  the  support  adsorption  is 
increased,  with  a  corresponding  increase  in  the  rate  of  supply  of 
chhlorobenzene  to  the  metal,  tie  rate  of  exchante  of  benzene  adsorbed 
on  the  metal  with  chloroberzzere  from  tl.  e  support  becomes  comparable 
with  the  rate  of  the  hydroGonolycis  reaction.  Under  these  circumstances, 
we  would  ex:  ect  a  fallind  off  in  the  rate  of  exchange  at  hi6h  surface 
coverages,  producing  the  type  of  reduction  in  k2  shown  in  the  values 
of  table  6.3. 
6.4.  Correlations  between  dosorntion  and  reaction  nechnni"-M. 
In  the  previous  section  we  forced  a  kinetic  scheme  for  the  desorption 
of  chiorobenzene  from  a  Pd/Si02  catalyst  and  obtained  a  value  for  the 
number  of  adsorption  sites  takin  part  in  this  prococs.  Before 
assu:  ain  that  this  value  is  egkivalent  to  the  num.  er  of  sates  taking 
part  in  the  constant  flow  reaction,  we  should  first  uttcwpt  a  correlation 
with  the  reaults  obtained  in  the  mechn,.  ictic  studios  of  Braun  and 
Bazant  (131)  and  Harper  and  Kemball  (130). 
In  the  kinetic  studies  of  Kraus  and  Bazant  (131)  at  'i73  K,  the 
hydroWcnolycis  reaction  was  found  to  be  first  order  with  rosj)cct  to 
the  chlorobenzene  partial  pressure.  The  results  from  the  constant 
flow  cxperi:  lento  of  this  investigation,  at  a.  abicnt  tc:.;  noraturo,  tond 
to  eoafiri  thic  dependence.  In  our  c::  lorobeazeno  desorption  oxýýox"iuenta, 
vie  observed  an  a;  pro..  ilaatcly  first  order  relationship  between  the  initial 
desorption  rate  (largely  related  to  the  reaction  rate)  and  the  support 
chlorobenzene  adsorption.  :  ';  e  May  therefore  interpret  the  first  order 
kinetics  in  tox*m3  of  the  supply  of  C  _lorobenzono  to  the  metal  no  the 229 
rate  deterniinin,  ý  step.  Had  the  rate  determininZ  step  boon  the  surface 
reaction,  we  would  have  expected  the  adsorbed  species  to  be  largely 
c_ilorobenzene  or  an  intermediate,  resultinZ;  in  zero  order  kinetics 
with  respect  to  the  support  chlorobonzene  adsorption.  On  the  other 
hand,  a  fractional  coverage  of  the  active  surface  by  c.  lorobenzene 
or  an  intermediate  substantially  less  than  unity  would  mean  that  the 
surface  reaction  proceeded  more  rapidly  than  the  rate  of  supply  of 
substrate  chlorobenzone.  In  this  case  the  observed  first  order  kinetics 
should  be  found.  Furthermore,  vie  have  seen  that  the  slow  desorption 
fron  the  metal  surface  following  a  chiorobenzene  pulse  may  be  interpreted 
as  the  desorption  of  benzene  or  a  hydrogenated  derivative,  substantiating 
the  above  proposal  which  requires  that  the  surface  be  largely  covered 
by  product  rather  than  reactant. 
In  the  study  of  the  deuterium/p  -  chlorotoluene  reaction  at  473  K 
by  Kraus  and  Bazant  (131),  deuteration  was  found  to  occur  only  at  the 
site  on  the  aromatic  rind  vacated  by  chlorine  during  the  douterolyeis, 
no  deuterated  reactant  or  further  deuterated  product  being  found. 
These  findings  viere  interpreted  in  terms  of  a  charge-transfer  cheni- 
scrptive  bond  primarily  through  the  chlorine,  of  the  typo  proposed  by 
Ilatsen.,  i".  akrides  and  Iiackernann  (136)  and  Garnett  and  Sollich-3aumcartner 
(137).  A  bond  of  this  type  would  allow  little  further  interaction  of 
the  aromatic  ring  with  the  metal  surface.  Our  observation  that  sub- 
stantial  benzene  adsorption  appears  to  take  place  during  the  reaction 
at  295  1C  indicates  the  possibility  o.  deuteration  of  the  product  benzene. 
In  their  study  of  the  deuteriun/chlorobenzene  reaction  at  273  and 
298  K,  Harper  and  Kemball  (130)  also  found  no  deuteratoa  chlorobonzone 
over  palladium  films  with  static  reaction  conditions.  It  was  found, 
however,  that  the  amount  of  deuterated  benzene  product  increaced  rolo,;  ly 
as  the  reaction  progressed  and  e;  idence  was  found  in  the  latter  part 
of  the  reaction  for  decomposition  of  the  benzene.  In  our  model  for 
the  reaction  system,  inereasinü  aý.  ioýnts  of  benzene  adsorption  should 
have  occurred  as  the  chlcrobenzene  partial  pros;  cure  was  reduced, 
pc  'mittinj;  further  r  )action  and  exchange.  ';;  hile  the  poiconiný  effect 
of  chlorine  or  hydrogen  chloride,  proposed  by  Harper  and  Keaball, 
might  explain  the  lack  of  further  reaction  or  cxchanz;  o  by  bonzeno  in 
the  initial  stages  of  reaction,  the  concept  iD  unnecessary  with  rogard 2jO 
to  the  absence  of  chlorobonzene  deuteration  if  the  chlorine  chir&e- 
transfer  bond  is  accepted. 
Kraus  and  ßazant  (131)  proposed  two  possible  uechanisms  for  the 
hydrogenolysis  reaction:  (a)  as  phase  clilorobenzene  reacting;  with 
adsorbed  hydrogen  and  (b.  )  reaction  of  adsorbed  chlorobenz:  ne  with 
adsorbed  hydrogen. 
Mechanism  (b)  requires  the  presence  of  adsorbed  chlorobenzene, 
assumed  to  be  in  the  form  I  below. 
Pd 
Cl  H 
1.1 
Pd 
I  II 
By  applying  the  Hamnett  equation  (132)  to  various  cubetitrted 
halo.  enobenzenes  ,  analogy  with  the  hor.  o6oneous  reaction  With  bic 
(2  -  riethoxyethoxy)  aluminium  hydride,  and  the  order  of  reactivitioc 
of  the  halo  en  substituents,  Kraus  and  ßazant  concluded  that  the 
reaction  occurred  by  nucleophilic  attach  of  a  hydride  ion  on  t1:  o 
haloLen  bearing  carbon  atom  by  an  Sj,  l2  mechanism.  Thic  prococc  can 
be  accommodated  in  eit.  ier  of  the  mechan±sinc  (a)  and  (b)  above,  both 
requiring  the  for:  aation  of  an  intermediate  of  the  tyro  II  above. 
An  attempt  to  distinguish  between  mechanic  (a)  and  (b)  Muct  thorefor"o 
rest  on  the  presence  or  absence  of  adsorbed  chlorobenzono  (I). 
The  only  circunstances  under  which  vie  can  be  roaoonably  certain 
of  t:  io  o::  ictence  of  t:  ie  ntpecieo  I,  are  for  chlorobenzeno  ad  orption 
in  the  absence  of  hydroU-en  (i.  e.  in  our  expori.  icatz  under  nitrogon 
flow).  On  intruducinZ  hydrogen  flow  to  clilorobonzono  adsorbed  undor 
nitro6er:  flow,  an  initial  rapid  desorption  was  follovwod  by  a  slow 
deoorpption  with  a  rate  constant  smaller  than  that  observed  for  the 
deeorption  under  hydroCon  flow  throu6t,  out.  ';.  'c;  &hall  return  Lo  tho 
or J  "" 
iaiti..  1  rapid  deý,  oi  Lion  in  t:  Le  inc.:  t  coction,  but  tit  cto-ý:  desorption 
rate  constant  was  comparable  to  that  for  the  ?  ~recedin,  ý;  desorption 
under  nitrogen.  In  a  similar  nitro  en/hydrogen  flow  do;  orption 
experiaent  with  benzene  (C2/16),  the  decorption  rate  on  hydrogen 
introduction  was  considerably  hither,  more  readily  comr.  arable  with 
the  chlorobenzene/hydroGen  flow  experiments.  It  therefore  appears 
that  if  reaction  of  the  type  I  species  to  benzene  does  occur,  the 
reaction  is  slow.  ;  chile  this  evidence  is  not  by  any  : nean3  conclusive, 
it  does  supcort  the  nechanisra  with  as  phase  (or  support  adsorbed) 
chlorob-nzene  reacting,  with  adsorbed  hydrogen  (i.  e.  a  :.  i:.  eal-rley 
type  m  chanis:  7) 
. 
To  explain  the  difference  in  slow:  desorption  rates  fron  catalyctc 
with  differe.  zt  metal  contents,  we  ,  octi  laced  a  aulti-steh,  desorýtian 
process.  If  this  is  the  case,  the  mechanism  for  dicplace:  sent  of 
adsorbed  benzene  by  chlorobenzene  may  take  place  by  vacation  of  a 
site  by  product  benzene  (or  a  derivative)  followed  by  hydro  gen  adsorption 
on  the  vacant  site  and  subsequent  reaction  with  c:  ilorcbenzone  from  tha 
as  phase  o1  sup,  ort. 
6.5.  The  active  metal  surface. 
The  first  stop  hick  we  should  fate  in  ascocsin,;  the  value  of  the 
adeorption  site  dencitios  obtained  in  the  decorrtica  ctu:  ilcc  is  a 
cc:  7  arison  vi  Li  t.  ie  ae  al  surface  areas.  A  difficulty  ari  o©c  hcro, 
however,  in  t_hc  t  iýcrcy.  ::  cics  cun::  in  t:.  e  f_uures  oý  talc  5.2C 
bct::  ocn  t:  io  aroao  dc.  "I.  vod  fr::  z  CC  aiiý  clec'.:  ra:: 
ý;  rticle  :  ize  ctriäut_ons.  The  fiZurcc  are  z;  ozt  roac;  '  ly  e;  ',  laiaed 
by  asýa;  ^iný  a  1arZe  nua..  ber  of  2.  ßa11  ?,  artic1  s  not  detected  by  electron 
r.:  icrozcory,  ,  but 
., 
ivin,,  the  1arEle  area  :  ioarurod  by  c  rbon  :  ac:  zo::  ic:  o 
chc  'J  on.  It  may  also  be  noted,  t.  i  ,t  for  the  Ir/Si02  catalyst, 
where  higher  re_olution  electron  microZ;  rajhc  ;;  ore  obtained,  the  nrticlo 
size  distribution  -avo  a  lar,;  cr  area  than  that  from  chc:.  iicor  tion. 
For  throe  roe  oo  :  s,  :.  1:  1  others  -;..  eich  ti',.  L  1  bccu,.  ic  -  r-nr,,:  "unt  lhter,  :,  o 
will  accent  the  valuco  obtained  b;  r  carbo.,  .:.  ono::  ide  chc:.  i:  u1  4.  L  on. 
Fox"  the  number  oll'  adsorption  cites  activo  in  ;;  i,  c  ;;  yd  oýc.  ýaly  .u 
reaction,  vie  will  tale  the  mean  value  of  let  liven  in  table  6.3  for  tho 
c 
desox"Ptions  frort  catalyot  C(4.47°ß  Pd/;;  i02)  i.  e.  (11.1  ±  0.  -U)  V  1015  citoo 
(Lau  catnly;;  t)_1.  Co,:  i.  arinL;  this  fi;;  uro  the  value  of  6.06  ßl2  6- 
for  the  CU  .::  etui  area  yi.:  ldz  an  area  of  1.47  i.  J.  i2  tar  aa:,  urption  ýitc, ýý 
ý-  J  ý- 
if  ce:  nrlete  coverase  i;:  a,  ---u:.  -,  cd.  Ciaee  t..  e  van  der 
area  of  a  ch  orobenzone  r.,,  olecule  is  ca.  0.43  nm`,  the  calculatod 
value  sees  very  high.  Before  coain.  r  to  any  conclusions,  however, 
we  n;  uct  fit  st  exa..  Ane  the  possiblo  adsorption  modes  on  the  Pd  surface. 
The  value  of  2"1  used  was  obtained  during  Cesorption  experiments 
where  we  expect  benzene  to  be  the  major  adsorbed  molecule.  16le  may 
therefore  consider  an  adsorption  model  such  as  that  proposed  by 
Bond  (184),  wirrere  the  benzene  molecule  lies  parallel  to  the  eurface 
with  the  aromatic  rin,;  centred  over  a  surface  :  iotal  atom.  This 
arranöe:  nent  is  necessary  if  we  assure  that  the  bondinL;  occurs  via 
a  Tr-  complex.  The  geometric  arranceraent  shorn  in  figure  6.5(a) 
for  a  Pd(111)  surface,  with  no  overlappins  of  the  hydrogen  van  der 
:  7aal's  radii,  Gives  an  area  per  molecule  of  ca.  0.59  nn2.  A  aiuilar 
area  is  obtained  fron  the  closest  possible  packing  without  distortion 
for  benzene  on  the  (100)  face  (figure  6.5(b)).  The  precise  orientation 
of  the  :::  olecule  in  this  ty_.  e  of  -model  is  difficult  to  assess  (see 
e.  g.  185).  Further  complications  arise  when  the  nature  of  the  metal 
particles  is  talgen  into  account.  In  their  study  of  benzene  adsorption 
on  supported  platinun  u.  der  a  nitrogen  carrier  flow,  Pithethly  and 
Goble  (186)  concluded  that  scmo  compression  of  the  type  of  iaodelß 
shown  in  figure  6.5  was  necessary  to  give  the  observed  surface 
Pt:  benzene  ratio  of  6.1.  These  results  cuG-ost  tat  the  Pd  surface 
of  our  catalyst  was  only  partly  covered  by  benzene. 
In  the  cnlorobenzene  dT3orption  ex-,  oorimentc  under  nitrozen  flora, 
one  of  the  major  differences  fro,.  i  the  reeultc  obtoined  under  hydro,  -,  On 
lo.;  ý.  e.  s  the  1ar--er  adsorption  noted  in  coax  caner,  at  t::  o  or.  cot  of 
th3  slow  decorptian.  In  C1/1  and  2,  ::  hero  tl:  o  initial 
adcoz"..  tion  iir;  ure  cubstantially  e  .  ceeded  the  value  of  1"1  for  the  hydrogen 
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floc:  ex  -er1.:  ýnte  ( 
.1a  10  oite3  mý  the  cloty  docorpLionc  ntr:  rted 
at  1.7  x  101G  and  9.1  x  1015  u1olocule  ir  L-1  roo_soctively.  ;  ºccu,  ainL 
that  both  of  ticcc  fi,,  -uroc  correspond  to  ,.,,  ctal  ad  ori'tion,  tho  forraor 
,  -1veo  cn  area  of  0.35  nm2  por  adoorbed  molecule,  much  clooor  to  t:  io 
expected  1:  Ia.:  l;:  ru.  a  ,  dcorption.  In  this;  cnce,  ho-.;  ever,  V:  o  ;  tro  1.  robably 
i:  enli,  i,;  '  ith  an  atisociatively  adooibed  cillorobenz-ene  :  aolcculo,  AlL:,  ou,;  h 
this  oo1ecule  has  a  Creator  van  der  Waa1':,  area,  as  the  chomicorptivo 
bond  is  thought  to  be  1arýely  tlroucia  the  chlorine  atom,  the  ctoric 233 
(a)  Pd  (111)  face. 
(b)  Pd  (100)  face. 
Figure  6.5.  Possible  benzene  udoorptjon  mo  des  on  Pd 
surfaces.  Pd  nearest  neighbour  spacing  =  0.274  rim. 231. 
requirements  for  adsorption  may  be  1css  strinZent  than  for  benzene. 
If,  however,  we  consider  the  equivalent  adsorption  figure  at  the  onset 
of  clot  desorption  kinetics  for  benzene  in  nitrogen  flora  (C2/16),  at 
1.1  x  1016  molecule  ng-  -1,  we  see  that  the  difference  cannot  be  entirely 
explained  by  e.  g.  chlorobcnzene  adsorption  with  the  aromatic  ring 
perpendicular  to  the  eurface. 
For  the  cake  of  clarity,  we  shall  designate  two  types  of 
adsorption  site  on  the  metal  surface.  The  adsorption  sites  which 
are  filled  during  the  hydrogen  flow  chiorobenzone  desorptions  we 
shall  nano  type  A,  and  the  remainder  of  the  sites,  on  which  we  prosume 
adsorption  to  occur  under  nitrogen  flow,  type  B. 
On  introducing  hydrogen  flow  to  the  chiorobenzene  adsorbed  on 
the  metal  during  the  slow  desorption  under  nitrogen,  in  all  cases  an 
initial  rapid  desorption  resulted,  followed  by  a  slower  process.  In 
each  case,  the  onset  of  this  latter,  slot:  desorption  occurred  at 
adsorption  levels  comparable  with  or  lover  than  the  number  of  typo  A 
cites.  It  way  be  concluded  that  only  part  of  the  chlorobenzene 
adsorption  under  nitroGen  flow  was  stable  in  the  presence  of  hydre,  -,  en 
The  fact  that  this  two-fold  desorption  was  observed  in  all  experiments, 
includinG  those  for  which  the  adsorption  level  prior  to  hydrogen 
introduction  was  less  than  the  nunber  of  type  A  cites,  indicates  that 
the  desorption  under  nitrogen  floor  occurred  with  approzi.  atoly  equal 
facility  from  both  types  of  site.  During  the  course  of  the  Clow 
desorptions  under  nitrogen  now,  no  apparent  differentiation  was 
obterved  between  sites  of  types  A  and  B, 
In  contrast  to  these  results,  the  slow  desorption  of  benzono 
under  nitroGen  flow  showed  a  distinct  retardation  at  an  adcorl;  tion 
level  of  3.41  x  10 
15 
Molecule  (a;;  catalyat)-1,  remarkably  cirailar  to 
the  value  of  N  from  the  chlorobenzene  decorptiony  under  hydrogcn. 
The  eubcequont  introduction  of  hydroz;  cn  flow  ciiow  cd  only  one  to  of 
dooorption  process.  '7e  may  interpret  this  roct,  lt  as  a  preferential 
adsorption  of  benzene  on  type  A  sites  under  both  nitro;;  on  and  hydrogen 
flow  conditions. 
The  two  typet  of  adscrption  site  may  zloo  provido  thho  cluo  to 
the  chlorobenzene  desorptionc  from  palladium  olac.;.  The  mall  x,  ount 
of  slow  do-sorption  observed  in  these  experiientn  riny  Ginply  be  aLtributod 
to  a  low  concentration  of  typo  A  sites.  The  initial  fact  dccorntiona r 
fro:.  i  this  c;:  taly.;  t 
..,  ý.  y  be  duo  to  phy.::  isOr,  -  tien  occurri  ,  over  Via 
cae,.;  icorbcd  hydro,;  cn  nonolayer  on  the  tyre  B  sites. 
! I, -,  vin,;  discussed  the  evidence  for  t-.  -.,  o  types  of  adsorption  site 
on  tae  metal  surface,  we  cast  now  as  'k,  whether  or  not  reaction  raz^y 
occur  on  the  type  B  sites  under  hydrogen  flow.  Wo  have  so  far  assumed 
reaction  to  occur  only  at  the  type  A  sites  for  which  adsor  tion  'ras 
observed  under  hydrogen  flow.  The  possibility  arises  that  reaction 
may  occur  sufficiently  rapidly  on  the  type  B  sites  to  iiaze  the  detection 
of  the  adoorbed  species  i,  as:  ossible  in  our  experi.  ents.  If  this  was 
the  case  we  should  expect  to  observe  a  desorption  process  comparable 
to  that  im:  sediatoly  follo:;  in;;  the.  introduction  of  hydrogen  flow  in 
the  nitrogen  desorption  experiments.  In  each  experiment,  this 
desorption  was  slower  than  the  initial  support  decoration  under 
hydrogen  flow,  and  since  it  should  occur  at  higher  adsorption  levels 
than  the  onset  of  the  observed  slow  decorptions,  would  result  in  a 
region  of  inter:.  odiate  desorption  kinetics.  Since  no  such  process 
was  observed,  we  may  conclude  that  the  hydrogen  covered  type  B  ad- 
sorption  sites  were  unable  to  interact  with  chlorobenzone. 
i  possible  alternative  exalanation  of  the  two  typet  of  adsorption 
site  would  be  to  regard  them  essentially  as  the  oquili'rium  coverages 
of  an  effectively  homogeneous  surface  by  hydrogen  and  adsorbed  reactants 
or  products,  rather  than  being;  related  to  different  typos  of  rsetal 
surface.  ';  re  may  reject  this  proposal  mainly  on  the  eroun"ýc  of  two 
considerations.  irctly,  if  an  equilibrium  process  was  involved, 
as  we  move  to  lower  support  c:  ilorobenzene  adsorpUon;,  (,  -.  find  the 
experiments  under  hydiro,;  en  flow,  the  should  expect  the  oquilibz-iU.,  to 
favour  hydro"en  adsorption.  The  observed  docor?!  tion  curves  c:.  o,  vi  that 
the  metal  coverage  is  independent  of  the  initial  ealorobenzcne  adcurption 
where  this  is  greater  than  a  certain  minjm;,  um  value.  Secondly,  under 
pit:  ogea  flow,  tic  bonzene  desorption  ex..  erii,:  ciit  cannily  dil  .  'c2'ut:;  Lrýtoo 
between  the  two  docor.  )ticn  regions. 
If  the  type  B  sites  are  hydrogen  covcred  during  tho  hydrogcnolyr".  is 
reaction:,  we  reg;,  rd  t:  iis  re,;  ion  as  the  sourco  of  hydro.  -ors  sich 
partici-ates  is  the  reaction?  mori  hydro;;  cn  acicorpti.;  n  ctuuius  on 
palladium  catalysts,  e.  c.  by  Sorrson  (137),  the  surface  coveraj,,  o  should 23G 
be  essentially  complete  in  the  pressure  region  under  study  at  room 
temperature.  The  kinetic  studies  of  Kraus  and  Bazant  (131),  conducted 
at  1i73  K,  show  that  the  reaction  rate  is  dependent  on  a  dissociative 
hydrogen  adsorption.  If  the  type  B  sites  act  as  a  hydrogen  reservoir 
for  the  reaction,  then  this  should  be  independent  of  the  hydrogen 
pressure.  If  we  assume  a  similar  distribution  of  adsorbed  hydroCon 
at  473  K  as  at  room  temperature,  we  should  expect  a  zero  order  dependence 
on  hydrogen  pressure.  We  previously  proposed  a  model  for  the  reaction 
in  which  the  product  benzene  desorbs,  permitting  hydrogen  adsorption 
on  the  vacated  site  and  subsequent  reaction  with  gas  phase  or  support 
adsorbed  chlorobenzene.  The  dissociative  adsorption  process  would 
provide  the  required  order  for  hydrogen  pressure  of  0.5. 
The  final,  and  perhaps  nost  important,  question  wo  sliall  ask 
corcerninL;  the  active  surface  is  whether  or  not  our  type  A  and  B  sites 
may  be  given  a  more  fundamental  assignment  in  terms  of  surface  metal 
structures.  It  might  be  argued  that  the  strong  benzene  adsorption 
on  the  type  A  sites  is  compatible  with  the  surface  geometry  of  the 
(111)  palladium  surface.  The  indiscriminate  adsorption  of  chlorobonzone 
under  nitrogen  flow  might  indicate  the  relative  unimportance  of  surface 
geometry  when  the  aromatic  ring  is  not  directly  involved  in  the  chomi- 
corptive  bond.  Assignments  of  this  type  are,  however,  higi:  ly  speculative. 
To  achieve  any  degree  of  certainty,  it  would  be  necessary  to  study  the 
adsorption/desorption  of  chiorobenzene  and  benzene  on  oithor  orientated 
metal  films  or  single  metal  crystal  surfaces,  both  in  the  ?  resencn  and 
absence  of  hydrogen. 
6.  G.  Conclur.,;  onf;  on  chlorobenzene  studies. 
Several  major  Points  emerge  from  the  discussion  of  the  nroviouc 
sections,  primarily  related  to  the  conditions  employed  in  the  prouent 
atudy,  i.  e.  a  total  'Pressure  of  one  atmosphere,  :;  ith  lost  chlorobonzeno 
partial  prec;  ores,  --001,11  teaneratui  e  a..  c',  a  sup:  czrted  palla;;  1um  catalyst. 
(1)  only  part  of  the  metal  surface  (ca.  ,C)a.  )7-cars  to  be  tictivo 
in  t'.  he  hydroL;  oaco?  yci;;  reaction,  the  remainder  of  the  surface  boia;; 
hydrozen  covered. 
(2)  The  rate  doter;:  ininb  stop  of  the  reaction  is  controlled  by  the 
rate  of  supply  of  chlorobcn:;  ene  to  the  metal  surface,  probably  occurrir. z3' 
by  a  Rideal-Eley  type  nechanisln  with  chlorobenzene  reactinC  from 
the  Gas  phase,  mid  neCatively  charged  hydrogen  adsorbed  on  the 
metal. 
(3)  A  significant  fraction  of  the  ..  iolocules  adsorbed  on  the 
active  metal  surface  is  benzene  or  a  benzene  derived  adsorbed 
hydrocarbon  species. 
(4)  A  substantial  fraction  of  the  reacting  chlorobenzene  is 
transported  to  the  metal  reaction  sites  by  surface  'iaratien  over 
the  support  in  a  physi  orbod  state. 
An  understanding  of  the  specific  types  of  metal  surface  cite 
involved  in  the  reaction  mi_,  ht  best  be  obtained  fron  studies  of 
adsorption  on  orientated  palladium  filns  or  palladium  tingle  crystals 
surfaces.  Infra-red  spectrocco;.  y  and  mass  s;  ectror.:  etric  analysis 
of  the  c:  esorbed  1i  oducts  way  rake  a  more  positive  ideixtification  of 
the  adsorbed  species  participating  in  the  reaction. 
More  aeuerally,  three  aspects  of  the  present  study  nay  be  of 
a  wider  interest  in  the  field  of  catalyste.  Firstly,  a  comparison 
of  the  processes  occurring  during;  the  hydro  ;  enolysio  and  competitive 
reactions  of  chlorobenzene  over  other  metal  catalysts  rii.,;  ht  be  of 
interest  with  regard  to  the  relative  reactivities  and  solectivitioc 
in  the  reaction.  secondly,  application  of  the  dosur;  tion  tociinique 
to  other  reactions,  e.  g.  benzene  hydrogenation,  night  be  a  useful  tool 
in  elucidating  the  relationship  between  adsorption  and  catalysis. 
Finally,  if  it  ,  rovod  possible  to  correlate  our  different  adcor«tion 
site  types  with  specific  surface  structures,  studies  of  this  typo 
:  sight  trove  valuable  as  a  probe  for  characterising  the  surfaces  of 
finely  divided  metal  catalysts.  The  ClacC'.  1-fication  of  react-.  011r, 
accordinL,  to  Boudertts  terminology  (53)  as  structure-convitivo  or 
facile  night  then  be  given  a  more  fundamental  significance. 23' 
Part  B.  Ethylene  Studies. 
6.?.  Short-lived  adsorbed  species  -  adsorption  levels. 
The  greatest  problem  in  interpretation  of  the  count  rate  versus 
time  data  during  the  passage  of  ethylene-C14  pulses  was  to  achieve  an 
accurate  assess,  iLont  of  the  gas  phase  contribution  to  the  catalyst 
chamber  count  rate.  In  presenting  the  results  in  the  ireviouc  chapter, 
it  was  assumed  that  this  contribution  was  constant  for  each  catalyst 
sample  used.  Clearly,  however,  this  was  not  the  case.  In  certain 
experiments  (see  tables  5.13  and  17)  this  assumption  led  to  the 
calculation  of  negative  adsorption  values.  Experiments  run  under 
similar  conditions  but  with  different  catalyst  samples  (e.  ü.  G1/6 
and  G2/2)  save  large  discrepencies  in  the  maximum  reversible  adsorption 
values  calculated. 
The  method  used  in  calculating  gas  phase  count  rate  contributions 
may  be  regarded  as  giving  values  of  the  correct  order,  but  as  the 
tigere  frequently  found  to  be  considerably  larber  than  the  octimated 
adsorbed  phase  count  rates,  a  more  accurate  method  of  determining 
the  adsorbed  counts  must  be  found  within  the  data  from  individual 
catalyst  samples.  As  a  first  step  in  this  direction,  wwo  shall  analico 
the  adsorption  data  on  silica  which,  as  a  tingle  component  adsorbent, 
should  be  the  most  straiGhtforward  system. 
Adsorption  on  Silica. 
In  section  5.13  '-we  satin  that  t; 
rate  constants  for  the  short-lived 
value  for  the  energy  of  activation 
This  figure  corresponds  closely  to 
for  the  limitiný  isosteric  heat  of 
40  Arrheniuc  plot  of  tle  desorption 
srociec  adsorbed  on  silica  4;  ave  a 
of  the  deec2pticn  of  17.5  }ý  mol 
that  given  by  Ross  and  Oliver  (138) 
physical  adsorption  of  othyleno  on 
Graphite  (13.4  !:  J  mol-1).  If  wo  assume  trat  p,  '.  hycical  adcor.:  tjo:  1  of 
ethylene-  on  ailica  was  observed,  v:  o  may  a  j.  1y  tho  adcorption  isobar 
j;  iven  by  do  30er  (139): 
AH 
a 
Aa 
ke 
cr= 
ý/\'I) 239 
where  a  is  the  number  of  adsorbed  molecules  per  unit  area  and  k  is 
a  constant.  Taking  logarithms: 
In  Q=  In 
k  Aiia 
%/(T) 
+  RT 
Equation  6.17. 
Over  a  small  range  of  teriperature,  changes  in  ln(k/J(T))  should 
be  ne3liGible  compared  with  those  in  AHa/RT.  An  Arrhenius  type  plot 
of  ln(adeorption)  versus  1/T  should  yield  a  straight  line  of  slope 
AH/12.  From  the  plot  given  in  fi6uro  6.6,  the  equation  appears  to 
be  obeyed  at  lover  temperatures  but  rapidly  falls  away  as  the  teiper- 
ature  is  increased.  If  we  assume  that  this  deviation  is  due  to  an 
overestimation  of  the  gas  phase  count  rate,  we  .  ay  extrapolate  the 
low  temperature,  linear  section  of  the  curve  to  divc  more  acceptable 
values  of  adsorption  at  higher  temperatures. 
As  a  check  on  the  validity  of  the  equation,  tiro  slope  of  the 
curve  at  low  temieratures  gives  a  value  for  heat  of  adsorption  of 
19.5  kJ  mo1-1,  in  Good  agreement  with  that  obtained  from  the  dedorption 
rates.  Further  evidence  for  a  substantial  amount  of  adsorption  at 
the  Iii,  -her  temperatures  comes  from  the  fact  that  docorption  rates  core 
measureablo  in  these  experiments.  Had  little  or  no  adsorption  ta:  con 
place,  t'-.  e  ethylene-C14  pulses  should  have  shown  substantially  loss 
tailing. 
From  the  extrapolated  plot  of  figure  6.6,  a  new  value  of  the 
ratio  of  lac  phase  ccuats  in  the  catalyst  cl.  a:  aber  to  thoso  in  tho 
das  chamber  was  calculated,  based  on  the  exi;  erimental  count  rates 
fron  experil:  ent  353/3.  As  a  new  value  of  this  ratio  required  the 
recalculaticn  of  adsorption  values  for  the  other  experiments,  the 
ln(adcorption)  versus  1/T  plot  was  still  non-linear.  After  throe 
such  recyclings  of  the  data,  an  acceptable  straight-lino  plot  was 
achieved.  Tho  calculated  adsorption  values  from  this  plot  and  an 
extrapolated  curve  to  hi`her  to,  aperatures  arc  represented  in  fi%juro 
6.7  as  o?  en  circles.  The  naxinum  reversible  adsorption  valuo  for 
experiment  BS3/7,  based  on  the  same  as  count  rate  ratio,  is  shown 
as  a  filled  circle.  In  this  experiment  a  lower  partial  pressure  of 
othylene-C14  Was  usod  (34  Corr)  than  in  ttio  other  exporinonts 
(ca.  75  torr).  The  adsorption  calculated  was  corrvcpondinmly  lowoir. 4:  ji  0 
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Adsorption  on  Ir/Si02. 
The  method  used  to  determine  the  short-lived  adsorption  of  ethylene 
on  silica  is  obviously  not  applicable  in  the  case  of  a  metal  bearing- 
adsorbent  where  at  least  two  distinct  types  of  adsorption  may  occur. 
Another  means  must  therefore  be  sought  to  determine  adsorption  levels. 
The  most  complete  sets  of  count  rate  versus  time  data  for  the 
Ir/Si02  catalyst  were  obtained  with  samples  G1  and  G2.  There  is, 
however,  no  direct  means  of  relating  this  data  to  adsorption  values 
in  an  absolute  sense.  We  require  at  least  one  absolute  value  on  the 
adsorption  versus  temperature  curve.  If  we  assume  that  under  similar 
conditions  adsorption  occurred  to  the  same  extent  on  different  catalyst 
samples,  we  may  make  use  of  experiment  G6/2,  where,  with  the  reactor 
inverted  and  the  observed  ,,  as  phase  count  rate  reduced  to  negligible 
proportions,  the  adsorbed  radioactivity  was  measured  directly.  Com- 
paring  this  value  with  the  observed  catalyst  chamber  count  rate  at 
the  same  temperature  and  with  similar  ethylene-Cl4  partial  pressure, 
in  the  G1  and  G2  experiments,  we  may  calculate  the  Gas  phase  contribution 
to  the  observed  count  rates.  The  calculated  adsorption  values  based 
on  this  standard  (gas  phase  counts  in  catalyst  chamber:  gas  chamber 
0.346)  are  shown  in  figure  6.7  as  open  squares  (G2  experiments)  and 
triangles  (G1  experiments).  The  adsorption  value  on  which  these 
calculations  were  based  (experiment  G6/c)  is  shown  as  a  cross. 
The  shape  of  the  resulting  adsorption  isobar  differs  considerably 
from  that  derived  for  adsorption  on  silica.  In  place  of  the  steady 
fall  in  adsorption  with  increasing  temperature,  the  Ir/Si02  catalyst 
Gave  a  curve  which  appears  to  be  assymptotic  to  an  adsorption  value 
of  ca.  1x  10 
16 
molecule  mg-1.  In  experiments  G2/8  and  G2/6  whore 
lower  ethylene-C14  partial  pressures  were  used,  (23  torr  and  25  torn 
respectively),  the  adsorption  values  calculated  (shown  in  fiLure  6.7 
as  filled  squares)  were  only  slightly  lower  than  those  for  the  normal 
ethylene-C14  partial  pressures  of  ca.  75  torr. 
The  most  obvious  interpretation  of  these  adsorption  values  is 
to  relate  the  constant  adsorption  at  higher  tei,  lpe;  aturos  to  adourntion 
on  the  metal,  and  those  at  low  temperatures  largely  to  support  adsorption. 24  3 
From  experiments  G4/l}  and  G5/1  (see  section  5.11),  where  large  ethylene 
partial  prescures  were  used,  melting;  of  the  plastic  counting  window 
indicated  a  catalyst  tenperature  conziderably  in  excess  of  that  measured 
for  the  reactor  body  during  passage  of  the  ethylene  pulses.  The  ad- 
sorption  at  low  temperatures  (below  270  K)  might  be  larGely  explained 
by  physisorption  on  the  support  if  the  catalyst  temperature  was  in  the 
region  of  40  K  higher  than  the  measured  values.  At  higher  temperatures, 
however,  we  raust  assume  an  alternative  type  of  adsorption. 
The  metal  surface  area  of  our  Ir/SiO  catalyst,  as  determined  by 
2 
carbon  monoxide  chemisorption,  was  5.06  m  (g  catalyst)-',  and  6.39  m 
(g  catalyst)-1  by  electron  microscopy.  Sinfelt  and  Yates  (190)  studied 
the  adsorption  of  hydrogen  and  carbon  monoxide  on  Ir/SiO2,  concluding 
that  at  "rionolayer"  coverage,  the  CO:  surface  Ir  ratio  was  0.53  and 
that  for  H:  surface  Ir,  0.78.  Moyes  et  al.  (191)  have  also  studied 
iridium  surface  areas,  in  this  case  using  the  metal  powder.  They 
found  that  oxygen  chemisorption  was  considerably  in  excess  of  carbon 
monoxide  cheniisorrtion.  Thus,  it  appears  that  the  actual  iridium 
surface  area  may  be  considerably  in  excess  of  that  measured  by  carbon 
monoxide  chemisorption.  If  we  accept  the  hydrogen  chemisorption  value 
of  Sinfelt  and  Yates  (190),  then  our  surface  area  should  be  increased 
by  a  factor  of  1.34  over  the  carbon  monoxide  value,  i.  e.  6.78  m2 
(g  catalyst)-l,  a  value  sinilar  to  that  obtained  by  electron  microscopy. 
From  the  value  of  2.12  ml  carbon  monoxide  (at  STP)  adsorbed  per  g 
catalyst  at  i;.  onolayer  coverage,  we  may  similarly  calculate  the  number 
of  exposed  Ir  atoms  as  4.2  x  1016  atois(rg;  catalyst)-1.  while 
realizinC  that  this  value  must  be  at  best  approximate,  vie  shall 
accept  it  as  the  best  available  data  for  a  comparison  with  othyleno 
adsorption. 
If  wo  now  assume  that  the  adsorption  observed  on  the  Ir/SiO2 
catalyst  between  280  and  320  IC(ca.  1x  1016  molecule  mg-l)  was  largely 
due  to  adsorption  on  the  metal,  the  ratio  of  adsorbed  hydrocarbon  to 
surface  metal  atoms  is  about  1:  4.  This  value  seems  acceptable,  and 
if  re  compare  it  with  that  of  Rei:  1  et  al.  (95)  for  ethylene  and  carbon 
monoxide  adsorption  on  Rh/Si021  where  a  1:  2,  etihylene:  rjota1  atom  ratio 
was  found,  wo  may  have  observed  only  partial  Metal  coveraGe. 
In  their  infra-red  study  Of  ethylene  hydrogenation  over  Pt/.  0102 244 
under  constant  flow  conditions,  Sheppard  et  al.  (116)  observed 
physisorbed  ethane  at  temperatures  of  ca.  200  K.  Under  their 
reaction  conditions  the  hydroGenation  rate  appeared  to  be  diffusion* 
limited,  and  it  is  to  be  expected  that  this  resulted  in  an  environment 
largely  of  product  ethane  in  the  vicinity  of  the  catalyst  sample. 
In  this  respect,  their  conditions  may  be  compared  with  those  employed 
in  the  present  study  with  effectively  100;  conversion  of  ethylene 
to  ethane.  It  is  therefore  plausible  that  the  adsorption  observed 
on  our  Ir/SiO 
2  catalyst  at  lower  temperatures  was  largely  due  to 
physically  adsorbed  ethane  on  the  silica  support. 
1-teid  et  al.  (95)  also  observed  support  adsorption  of  ethylene 
in  t:  ieir  radiotracer  adsorption  study  on  Rh/SiO 
2  and  Rh/A1203  catalysts. 
In  this  case,  however,  the  quantity  of  ethylene  adsorbed  was  relatively 
1ar,  e  for  the  pressure  region  studied  (  <6  torr),  giving  rise  to  the 
equivalent  of  several  monolayer  coverages  of  the  metal  by  ethylene. 
The  results  were  interpreted  in  terms  of  a  spillover  of  hydrocarbon 
species  from  metal  to  support.  ;  7e  must  not,  therefore,  neglect  the 
possibility  of  a  similar  phenomenon  occurring  in  the  present  study. 
Such  a  process  is  likely  to  be  relatively  slow,  however,  and  the 
temperature  range  in  which  it  was  observed  (ambient  temperature)  is 
considerably  higher  than  that  for  which  we  observed  large  amounts  of 
rapid,  reversible  adsorption.  It  seems  more  probable  that  if  such  a 
process  was  observed,  it  should  be  sought  in  the  slowly  reuoved  adsorbed 
species  rather  than  the  transient  species  at  present  under  discussion. 
From  these  various  considerations,  we  nuot  conclude  that  the 
adsorption  of  priLlary  catalytic  interest  is  that  observed  above  270  X. 
Constant  flow  ethylene-C1  zdsorotion. 
the  have  seen  that  ethylene  adsorption  at  our  hither  to:  a  eraturus 
was  tar&ely  independent  of  the  ethylene  partial  pressure  and  the 
temperature.  Experiment  G1/2,  which  ,,,,  as  carried  out  under  constant, 
non-radiotracer  ethylene/hydrogen  flow  conditions;  at  310  x  i;  avo 
rise  to  a  siriilar  adsorption,  of  1.2  x  1016  molecule  me 
1. 
Thin  fiCuro 
was  calculated  viith  the  same,  aas  count  rate  ratio  as  used  for  the  other 
Gi  ex-oericaents.  This  result  indicates  that  the  reversible  adsorption 
data  from  t:  io  pulsed  flow  experiments  is  rel,  resentativo  of  the  situation 
pcrtaininG  under  constant  flour  conditionu. it/ 
Ethane;  C14  adsorption. 
One  of  the  principal  questions  to  be  asked  about  the  calculated 
adsorption  values  is  whether  they  are  related  primarily  to  ethylene  ad- 
sorption  and  the  hydrogenation  reaction,  or  to  adsorption  of  the  ethane 
product. 
In  experiment  G6/?,  ethane-C14  was  passed  over  the  catalyst  under 
conditions  similar  to  those  employed  with  ethylene-Cll.  pulses,  at 
294  K.  5x  1015  molecule  m.  ^1  reversible  adsorption  was  observed. 
We  may  therefore  conclude  that,  at  this  temperature,  only  part  of  the 
observed  reversible  adsorption  with  ethylene  pulses  may  be  attributed 
to  ethane  adsorption.  At  least  part  of  the  adsorption  rust  have 
originated  in  adsorbed  ethylene  or  a  surface  intermediate  arisinG 
from  ethylene. 
Greater  difficulty  is  found  in  the  interpretation  of  the  results 
from  experiment  G6/6,  where  an  ethane-C14  pulse  was  passed  over  the 
catalyst  at  253  K.  Here,  an  adsorption  of  2.2  x  1017  molecule  m--1 
was  observed,  considerably  higher  than  most  adsorptions  observed  for 
the  passage  of  ethylene  pulses.  Taken  at  face  value,  this  result 
implies  that  the  lower  temperature  adsorptions  during  the  passage  of 
ethylene  pulses  may  be  attributed  to  ethane  adsorption,  presumably 
on  the  support.  Taken  in  conjunction  with  the  anomalous  adsorption 
value  calculated  for  experiment  Gk/1,  of  2.4  x  1017  molecule  marl, 
for  the  passage  of  an  etliylere  pulse  over  the  catalyst  at  252  K,  both 
of  these  results  must  be  rendered  suspect.  Previous  experimonts  in 
the  temperature  range  of  G4/1  had  show  much  lover  ethylene  adsorptions 
(ca.  3.2 
16 
These  results  may  have  arisen  from  :>  10  molecule  mg-1). 
similar  instrument  malfunctions  and  we  shall  therefore  not  attempt  to 
draw  any  firm  conclusions  from  either  exreri:  aent. 
Ethylene-C14  adsor,  )tion  in  he).  itzm  flo;  ýr. 
The  reversible  adsorption  observed  on  the  pascaLa  of  an  cthylona-C14 
pulse  over  the  catalyst  in  helium  flog;  at  298  K  (G1/7)  wä;  found  to  be 
1.0  x  10 
16 
molecule  rb-l,  This  value  is  ciiilar  to  tho  adoorption 
observed  at  cin.  ilar  teznperaturoc  under  hydrojen  flow,  and  nil  ht  thoraforo 
be  attributed  to  adsorption  on  the  metal  cQ  poncnt  of  the  catalyst. 
Adsorption  of  ethylene  on  cilica  at  the  ca  e  temperaturo  (coo  above) may,  however,  have  produced  a  1ar,;  er  adsorption  than  that  observed  in 
the  present  expert,  ent.  ;  °;  e  must,  therefore,  regard  this  expori.  aent 
as  inconclusive. 
Adsorption  on  Pt/3i02. 
The  methods  used  for  eytimatinZ  the  gas  phase  contribution  to 
the  catalyst  count  rate  were  not  applicable  to  these  experiments,  as 
no  experiment  was  available  with  a  known  reversible  adsorption  on  the 
catalyst.  Had  studies  with  Pt/SiO 
2 
been  persued  further,  it  would 
have  been  necessary  to  perform  an  exreriz:  ent  with  the  reactor  reversed, 
as  in  experiment  G6/2,  followed  by  a  comprehensive  series  of  adsorptions 
over  a  series  of  temperatures.  With  the  data  available,  however,  no 
conclusion  may  be  drawn  with  respect  to  any  short-lived  species  which 
may  have  occurred. 
6.8.  Short-lived  adsorbed  species  -  tracer  dynamics. 
Desorption  rates. 
The  basic  equation  of  the  time  dependent  radiotracer  method  wau 
given  in  section  2.4  as: 
In  x--Xt+  In  x0  Equation  2.8 
where  the  first  order  desorption  rate  constant,  A,  may  be  expressed 
as  r/Cc..  Here  r  is  the  reaction  rate  and  Cc  the  number  of  exchanCeablo 
aolecules  taking  part  in  the  reaction.  The  assumptions  made  in  deriving 
this  equation  may  be  stated  as  follows: 
(a)  the  system  is  under  constant  flow  conditions,  i.  o.,  chomically 
in  a  steady  state. 
(b)  each  adsorption  of  a  reactant  molecule  is  followed  by  cubeequent 
reaction. 
(c)  only.  rcactant  .  nolocules  adsorb  -  product  moleculoo  having  loft 
the  :;  urfaco  may  not  readsorb. 
(d)  either  the  surface  on  which  the  adsorption  occurs  is  hoaogonoous, 
or  the  various  types  of  adsorbed  species  are  in  rapid  equilibrium 
compared  with  the  adsorption/deoorption  rato. '47 
In  most  of  the  experi:  aents  performed,  condition  (a)  was  not  met. 
If  the  equation  is  to  be  applied  under  pulsed  flow  conditions.,  then 
we  must  assume  that  the  observed  desorption  is  representative  of  the 
molecules  in  the  earlier  part  of  the  pulse  as  well  as  the  "tail". 
It  should  be  possible  to  check  the  validity  of  the  assumptions  made 
by  comparing  the  calculated  values  of  catalyst  capacity  with  the 
observed  adsorption  values. 
In  the  ethylene  hydrogenation  experiments  over  Ir/SiO2,  as  the 
conversion  to  ethane  was  ca.  100°ö,  we  may  take  the  ethylene  flow  rate 
during  the  pulse  as  our  reaction  rate.  For  experiments  whore  a 
measurable  desorption  rate  was  observed  we  may  now  calculate  values 
of  Cc  according  to  the  relationship 
r 
X- 
C  C 
Equation  2.9 
Values  of  Cc  calculated  according  to  this  equation  are  listed  in 
table  6.4  along  with  the  maximum  reversible  adsorption  values,  as 
calculated  in  the  previous  section.  The  agreement  of  the  two  cots  of 
values  is  excellent,  taking  into  account  the  method  used  in  calculating 
adsorption  data  from  the  observed  count  rates.  Apart  from  the  implications 
Table  6.4.  Values  of  Cc  calculated  from  desorption  rates  and  ;  laximura 
reversible  adsorption  values  for  the  passage  of  ethylene-CJ.  pulses 
over  Ir/Si02  in  11 
2 
flow  at  various  temperatures. 
Experiment  Temperature/ 
nunber  K 
Cc/ 
x  1016  molecule  ßa-. 
1 
Maximum  rcvorsiblo 
adcorption/ 
X  1016  molecule  Mg-1 
G2/1  265  2.4  2.1 
G2/5  251  4.0  3.4 
Gz/7  239  5.2  5.3 .  rv 
of  the  figures  in  deducing  ti,  e  nature  of  the  surface  processes  occurring, 
they  serve  as  a  verification  of  the  method  used  to  obtain  adsorption 
information  from  observed  catalyst  chamber  count  rates.  ie  may  deduce 
from  these  results  that  every  molecule  of  ethylene  is  adsorbed  on  the 
catalyst,  and  that  all  adsorbed  molecules  are  equivalent  on  the  tine 
scale  of  the  desorptions  (excludinS  the  more  firmly  held  species 
discussed  in  the  following  section). 
It  should  be  noted  that,  as  the  formation  of  ethane  results  in  a 
reduction  of  the  overall  gas  volume,  a  fall  in  the  flow  rate  is  to  be 
expected  over  the  length  of  the  catalyst  bed.  ',  lith  the  initial  ethylene 
pressures  used,  however,  this  should  amount  to  less  than  a  1C;  ö  deviation 
from  the  initial  flow  rate  and  a  correspondingly  'small  error  in  the 
calculated  value  of  Cc.  zs  this  factor  is  difficult  to  assess  and 
would  result  in  no  significant  change  in  the  agreement  between  observed 
and  calculated  values,  it  has  been  ignored. 
In  the  case  of  ethylene-C14  adsorption  on  silica,  the  situation 
regarding  the  calculation  of  Cc  values  is  somewhat  different.  ';  ith 
Ir/Si02,  the  flux  of  molecules  through  the  adsorbed  phase  must  have  been 
at  least  equal  to  the  reaction  rate.  For  silica,  this  limitation  does 
t 
not  apply,  and  we  cannot  therefore  use  the  ethylene  flow  rate  as  a 
measure  of  this  flux.  Using  the  observed  adsorption  values,  however, 
we  may  calculate  values  of  the  flux,  f,  with  a  relationship  similar  to 
equation  2.9.  i.  e. 
f_  %c  Equation  6.13 
The  values  of  f  calculated  by  this  equation  are  liven  in  table  G.  5. 
Values  of  the  ratio  of  flux  to  total  flow  rate  (f/I')  are  also  listod, 
the  units  of  f  and  F  used  bein;  in  terns  of  1  m;;  of  adsorbent.  This 
ratio  effectively  gives  the  fraction  of  the  ethylene  r.:  olecules  which 
enter  the  adsorbed  "pool"  on  the  silica  surface,  and  is  al4oct  constant 
over  the  values  of  te:  aperaturo  and  ethylene  partial  Fressurn  studied, 
i.  e.  only  about  one  molecule  in  five  adsorbs  on  the  silica. c  itv 
Table  6.5.  Values  of  the  flux,  f,  of  molecules  through  the  adsorbed 
phase  during  the  passage  of  ethylene-C14  pulses  over  silica  in  112  flow 
Experiment  Temperature/  Ethylene  partial  f/  f/F 
number  K  pressure/torr  x  1016molecule  mg-1 
BS3/2  251  78  1.61  0.201 
B53/4  273  72  1.33  0.180 
BS3/6  283  78  1.56  0.195 
BS313  302  77  1.54  0.194 
BS3/7  321  34  0.60  0.173 
The  results  of  these  experiments  with  silica  have  obvious  implications 
for  the  adsorption  observed  on  Ir/Si02.  We  must  conclude  that  the  largo 
adsorptions  observed  at  low  temperatures  cannot  be  attributed  to  ethyleno 
adsorption  prior  to  reaction.  At  most,  this  could  account  for  only  20;; 
of  the  molecules  participating.  Initial  adsorption  on  the  metal  presumably 
accounts  for  at  least  80°o  of  the  molecules  adsorbing.  Adsorption  of 
ethylene  on  the  support  following  desorption  frön:  the  metal  Seems  improbable 
as  the  chances  of  adsorption  should  be  no  greater  than  that  for  molecules 
adsorbing  directly  from  the  gas  phase.  Two  possible  oxplanatibns  may  be 
advanced  for  the  observed  process: 
(a)  following  reaction  to  ethane,  the  molecules  are  decorbod  fron  the 
petal  and  readsorb  on  the  support. 
(b)  some  form  of  adsorbed  hydrocarbon  species  on  the  metal'tliGrates 
over  the  catalyst  surface  to  the  support,  subsequently  decorbing 
either  directly  or  via  the  metal. 
Support  adsorbed  species  of  the  typo  (b)  might  be  of  a  similar  naturo  to 
those  observed  by  Reid  et  al.  (95).  On  introducinG  hydro;  on  to  a ,ý 
rh/  C2  cat'  .l  ct  týrecovered  with  species  a  scribad  to  this  type  of 
adsorption,  they  found  a  rapid  desorption  correcpondin;  "to  the  amount 
of  ethylene  adsorbed  on  the  metal  surface,  desorption  of  material  from 
the  support  beine  a  slower  process.  On  the  other  hand,  physically 
adsorbed  ethane  has  been  detected  by  Sheppard  et  al.  (6.17)  during 
ethylene  hydrogenation.  This  type  of  adsorption,  arising  from  species 
which  have  desorbed  from  the  metal  and  been  readsorbed,  or  from  surface 
migration  from  the  metal  to  support,  therefore  seems  more  plausible. 
The  above  considerations  have  been  primarily  concerned  with  the 
nature  of  support  adsorbed  species.  Although  the  nature  of  the  metal 
adsorbed  species  may  be  of  greater  relevance  in  the  catalytic  reaction, 
there  is  no  obvious  way  of  correlatinG  the  data  available  in  the 
present  study  with  their  structure.  The  fact  that  a  constant  ad- 
sorption  of  ca.  1x  1016  molecule  rag-1  was  observed  between  270  and 
317  K  suggests  that  a  constant  fraction  of  the  metal  surface  is  covered 
by  hydrocarbon  c  ecies  over  this  te:  -,  perature  raune.  As  demonstrated 
by  Versball  (153),  ethylene  adsorption  appears  to  occur  more  readily 
than  that  of  ethane.  If  ethylene  and  ethane  are  present  in  the  system, 
we  should  expect  that  at  least  a  significant  part  of  the  observed 
adsorption  will  be  due  to  eth;,  jlene.  lo',  'ith  a  conversion  of  ethylene 
to  ethane  of  ca.  1C0°:  however,  if  the  conversion  occurs  rapidly  enough 
we  expect  the  ethylene  to  be  but  a  transient  species.  While  the 
adsorption  i:  concta.  nt  over  the  te;  ageraturo  range  quoted,  the  desorpticn 
rate  constant  becomes  too  large  to  be  measurable,  and  cie  r:  av  reasonably 
suppose  it  to  increase  with  teianerature.  A  constant  value  of  reaction 
rate  can:.  ot  ive  rise  to  a  constant  value  of  adsorption  if  we  have  a 
variable  decorltien  rate.  The  flus:  of  molecules  t.  irouüh  tho  adsorbed 
ph:;  se  must  therefore  be  greater  than  the  reaction  rate  at  or  te:  arjor- 
aturec  to  account.  for  the  increasing  desor  tion  rater.  We  may  therefore 
e;;  ý  ýe  ta:.  iulti±-le  ad:  orption/ý  esui  ý:  ticn  process  for  molecules  passing 
thr  cud  h  tue  cyste  '.  Under  tiieso  circa  .  -tai.  ce  ,  the 
..  lost  L  robable  surface 
cnec1es  !,  lust  ori,,  inate  fror  of  lane. 
At  this  point,  we  : IlaY  ta'_;  e  note  of  the  rocult;  3  obtnined  with  the 
catalyst  reduced  at  hiLh  te::;  porature  (623  K).  The  extent  of  the  short- 
lived  adsorption  was  not  measurable  directly  in  a  reliable  manner,  no 
standard  beize}t  available  for  calculation  of  the  as  phase  contribution ý, 
i 
to  trio  obccrvec?  court  rate.  As  the  e.;  ý,  eri..  lorlt  :!  ac  conducted  at  253  K, 
however,  a  de:,  orption  curve  ti  as  obtained.  Thus,  ,.  o  may  calculate  a 
value  for  the  catalyst  capacity  from  equation  2.9  of  4.1  x  1016 
molecule  mg-1.  This  fi;;  ure  is  al:.  ioet  identical  'I%,  ith  that  obtained 
in  experiment  G2/5  (4.0  x  101"  molecule  s-1)  where  the  catalyst  was 
reduced  at  the  norLial 
tc:.  i.;  eratu,  i  eo  423  :  i. 
,  4'0  may  also  note  tliat  tilg 
value  of  initial  retention  follov:  iný;  the  tracer  pulse  was  9.0  x  1015 
colecule  mZ_l,  which  is  typical  of  si.:.  ilar  experiments  on  the  catalyst 
samples  reduced  under  normal  conditions  (see  section  6.8).  ',:  c  may 
therefore  conclude  t:  at  the  normal  reduction  procedure  employed  was 
adequate. 
Adsorption  rates. 
In  chapter  2  the  possibility  was  mentioned  of  deriving  information 
from  adsorption  rate  plots  in  a  fashion  siwilar  to  that  discussed  above 
for  the  desorption  plots.  Equation  2.10,  ho:  --ever,  was  derived  for  a 
constant  flow  situation,  where  tracer  and  non-tracer  molecules  are 
interc%ian6eable,  the  processes  occurring  during  adsorption  therefore 
being  similar  to  those  darin;;  desorption.  For  a  pulcod  flew  Situation 
we  cannot  "rake  this  assumption.  Any  equation  used  in  analysing  adsorption 
processes  isust  be  derived  for  the  particular  systeia  under  study. 
Let  us  first  consider  the  adcoi"ption  process  fcj  t-110  -_:!  ascaL;  o  of  an 
ethylene-C14  pulse  over  the  Ir/i02  catalyst.  :;  e  sari  previously  that 
the  rate  of  adscr,  tion  on  the  catalyst  t:.  ay  be  equated  to  the  initial 
ethylene  flo::  rate,  i.  e.  the  reaction  rate,  r.  Zi'nul'caneoL;  sly,  'tile 
desorption  rate  !  nay  be  given  by  kdx,  .:  here 
d 
is  the  docorptien  rate 
constant  and  x  the  nu.  aber  of  molecules  adsorbed  at  time  t.  The  rate 
equation  for  the  adck;  rption  can  now  be  -iven: 
dx 
r-  Zquation  6.19 
ä 
l:  d;  ý 
t 
or  dx 
_  at 
r-1:  d° 
Inte;  rati.  n  this  equation  between  tunes  0  and  t  Lives 
ln(r  -  "IdX)  =  kdt  +  1nr 01  ,  rca  rran,;  in;; 
in(r/kd  -  x)  =  kdt  +  2n(r/l: 
d) 
Equation  6.20 
At  time  infinity,  the  system  is  at  equilibrium  with  an  adsorption 
From From  equation  6.19  we  may  therefore  write 
r-  kdxmax  =0 
i.  e.  xmax  °  r/kfl 
Substituting  into  equation  6.20: 
ln(xmax  -  x)  =-kdt+  lnx 
max 
Equation  6.21 
This  equation  is  identical  with  the  integrated  form  of  equation 
2.10,  derived  for  constant  flow  conditions.  The  observed  elope,  X 
a, 
of  the  1n(xmax  -  x)  versus  t  plot  should  be  identical  to  the  desorption 
rate  constant  I-, 
d' 
The  ln(xmax  -  x)  versus  t  plots  for  the  three  G2  experiments  in 
which  measurable  desorption  rates  were  found  are  shown  in  figure  6.8. 
Table  6.6  co:.  ipa.  res  t  ,,.  e  values  of  A  calculated  from  those  plots  with 
the  previously  determined  values  of  the  observed  derorntion  rate 
constant  , 
X..  As  the  two  sets  of  rate  constants  a:  ree  to  within  the 
calculated  standard  deviations,  *,;  o  :,  -.  ve  furt:  ier  cubrtantiation  of 
rooosed  surfcce  processes. 
Table  G.  G.  Comparison  of  the  oboerved  adsorption  and  doaorntion  rata 
constants  during  the  ýýaa  %;  o  of  cthylono-C14  pulsen  over  an  Ir/:  ü02 
catalyst  in  H,  flow  at  various  tc;.:  crI  u:  co  ?t  (LSA  vüluco). 
F.::  1-eriiaent  ý'e  aý:  erature/  %a/ 
a 
number  I{  a-1  -1 
02/1  265  1.8  ±  0,4  2.2  0.3 
G2/5  251  1.5  ±  0.2  1.3  0.1 
02/7  239  1.2  4  0.2  1.0  +o.  i 253 
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Figure  6.8.  Adsorption  plots  for  ethylene-C14  pulsen 
on  Ir/Si02  (G2  experiments)  and  silica  (B33 
experiments). 254 
In  the  case  of  ethylene  adsorption  on  silica,  the  flux  of  nolecules 
through  the  adsorbed  phase  was  seen  to  be  approximately  proportional  to 
the  ethylene  partial  pressure,  although  less  than  the  ethylene  flow  rate. 
We  may  therefore  write  an  expression  for  the  adsorption  process: 
rate  of  adsorption  =  kape(S  -  x) 
where  ha  is  the  adsorption  rate  constant,  pe  the  ethylene  partial 
pressure,  S  the  monolayer  adsorption  and  x  the  number  of  adsorbed 
molecules  at  time  t.  We  may  assume  the  decarption  rate  to  be  simply 
kdx,  where  I: 
d 
is  the  desorption  rate  constant.  The  overall  rate  may 
then  be  expressed: 
dx 
kape  (S  x)  kd:  c 
ät 
i.  e.  dx 
_= 
kapeS  -  (kape  +  kd)x  Equation  6.22 
dt 
This  equation  is  in  a  form  similar  to  equation  6.19  and  may  be 
integrated  to  give 
In  Is1Pes 
-  ;c  -  ("-aPo  +  kr)  t+  In  ý`a 
e 
ape 
+  lsd)  kApe  +  kd 
Equation  6.23 
At  equilibriu;,  x=  xmax  and  we  may  equate  adsorption  and 
desorption  rates: 
gape  (S  -  xmax)  =  I-dxriax 
i.  e. 
kap0S 
xmax 
l, 
ape 
+k 
Substitutin.  into  equation  6.23  gives 
In  xLlax  x)  _-  (l. 
ap©  +  l.  d)  t+  1nxnax  Equation  6.24 255 
Once  a,  ain,  the  ln(xmax  -  x)  versus  t  plot  should  give  a  straiGht 
line,  but  here  the  observed  adsorption  rate  constant,  %a,  may  not  be 
equated  with  the  desorption  rate  constant.  The  plots  from  the  B  Z.  3 
experiments  with  sufficient  data  are  shown  in  figure  6.8.  Table  6.7 
gives  the  values  of  the  observed  adsorption  and  decoration  rate  constants, 
ýa  and  Xd  respectively.  The  values  of  ka  are  also  listed,  calculated 
accordin6  to  the  relationship 
Xa  Ad 
Pe 
The  values  of  ka  appear  to  be  constant  within  the  calculated 
standard  deviations  over  the  temperature  range  studied.  This  result 
confirms  the  assumption  made  in  usinc  equation  6.17  to  extrapolate  the 
adsorption  isobar  to  higher  temperatures. 
It  should  be  noted  that  adsorption  and  desorption  rates  are  normally 
nany  orders  of  magnitude  faster  for  physical  adsorption  on  a  plane  curfaco 
than  those  found  in  these  ex;  eriment3  (192).  The  observed  rates  are 
probably  due  rather  to  diffusion  t:  irough  the  silica  pore  structure. 
Occupancy  Principle. 
Cie  have  seen  that  the  flux  of  ,  aolecales  through  the  adsorbed  phase 
durinZ  ethylene  hydroGenation  was  equal  to  the  flow  rate  of  ethylene,  F, 
throughout  the  pulse.  This  criterion  is  the  principal  requirement  for 
an  application  of  the  Occupancy  Principle.  ',  e  may  therefore  proceed 
in  spite  of  the  normal  requirement  for  a  continuous  reactant  flo;  i. 
Before  acsessin;;  the  value  of  Occupancy  Principle  calculations  of  the 
catalyst  capacity,  Cc,  let  us  first  consider  the  method  of  calculation. 
From  equation  2.5  we  have 
C  F. 
Ic 
cý 
where  Ic  is  the  total  number  o 
during  the  radiotracor  pulse. 
tho  radiotracer  pulco,  tp,  the 
and  the  ethylene  flow  rate,  F. 
f  d1  inteLrationc  occurrin-  on  the  catalyst 
D  may  be  calculated  uoin  the  1ox  th  of 
specific  activity  of  the  radiotracoro  Sap 
i.  e.  DFS 
pa 2,6 
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Substituting  into  equation  2.5  we  obtain 
10  1 
FZ  tpa 
iQ.  Co  = 
1o  Equation  6.25 
cc  tpSa 
where  10  is  the  total  observed  catalyst  counts  and  Cc  the  catalyst 
countinZ  efficiency. 
In  effect,  equation  6.25  simply  averages  the  observed  catalyst 
adsorption  over  the  duration  of  the  rectangular  pulse.  Any  advantage 
gained  by  this  approach  over  a  simple  calculation  of  adsorption  at  a 
given  point  in  the  tracer  pulse  must  arise  from  takinC  a  mean  value 
for  the  total  pulse.  The  method  also  incurs  a  disadvantage,  however, 
in  calculation  of  the  count  rate  contribution  from  long-lived  radio- 
active  species  on  the  catalyst.  This  contribution  varied  over  the 
length  of  the  radiotracer  pulse  (see  section  6.9)  and  is  therefore 
difficult  to  assess  accurately  when  considering  the  total  counts. 
on  the  other  hand,  the  contribution  at  the  end  of  the  pulse  cay  be 
accurately  determined  from  the  remaining  activity  following  the  passage 
of  the  pulse.  Hence  the  reversible  adsorption  at  the  end  of  the  pulse 
may  be  calculated  more  accurately. 
Table  6.8  compares  values  of  Cc  calculated  according  to  equation 
6.25  for  the  G2  experiments  with  the  maximum  reversible  adsorption 
values  as  shown  in  figure  6.7.  The  as  phase  count  rate  contribution 
to  the  catalyst  cha.  mbor  counts  was  calculated  by  the  method  pxevioucly 
employed  in  deter.  inin,  the  reversible  adsorption  values,  i.  e.  the 
adsorption  of  297  K  leas  set  equal  to  that  obsorvcd  in  cxporlcment  06/2 
and  the  ratio  of  as  phase  counts  in  the  catalyst  chamber  :  counts  in 
the  Lao  chamber  (0.346)  applied  to  the  remaining;  experiments. 
The  similarity  of  the  two  sets  of  values  obtained  indicates  that 
both  of  the  methods  of  calculation  are  satisfactory.  The  maximum 
reversible  adsorption  values  of  section  6.7  are  probably  to  be  preferred, 
representing  a  more  direct  measure  of  the  adsorption, LJG 
Table  6.8.  Value;  of  capacity  calculated  by  the  Occup- 
ancy  Principle,  Cc,  and  observed  values  of  the 
maximum  reversible  adsorption  for  the  G2  experiments. 
Experiment  Co  /  Marimun  reversible 
number  adsorption  / 
xIO  molecule  me' 
G2/1  2.1  2.1 
G2/2  1.3  1.4 
G2/3  1.2  1.2 
G2/5  2.9  3.3 
G2/6  0.9  1.0 
G2/7  5.3  5.3 
G2/8  1.0  1.0 ,  29 
6.9.  Lon;  -lived  adsorbed  cpecios. 
In  the  present  study,  experiments  were  aimed  primarily  towards 
the  short-lived  zpeciec  on  the  catalyst  surface  during  ethylene  hydrb- 
tenation.  None  the  less,  information  has  emerCed  on  the  hydrocarbon 
species  retained  on  the  catalysts.  Vie  shall  attempt  to  draw  some 
general  conclusions  about  the  formation  and  nature  of  the  species. 
Initial  retentions. 
A  survey  of  trends  in  the  initial  radiotracer  retention  values 
with  reaction  conditions  has  to  be  made  in  the  light  of  the  differer.  c 
treatments  to  which  the  various  catalysts  were  subjected  in  previous 
experiments.  In  the  G2  series  of  experiments,  however,  the  only  major 
variables  between  experiments  were  the  temperature  and  amount  of 
ethylene-C14  pulsed  over  the  Ir/SiC2  catalyst.  Even  under  these 
conditions,  scrutiny  of  table  5.14  shows  no  obvious  correlation  between 
temperature  or  the  amount  of  ethylene-C14  used  and  the  initial  retention. 
A  gooc1  correlation  may,  however,  be  obtained  by  examining  the  values 
of  "contamination"  preceeding  each  experiment.  These  values  represent 
a  measure  of  the  amount  of  retained  radiotracer  remaining  from  previous 
experiments.  Table  6.9  lists  these  values  along  with  the  percentage 
of  ethylene-C14  molecules  in  the  original  pulse  retained  by  the  catalyst. 
V7hile  the  relationship  between  contamination  and  retention  is  clearly 
not  linear,  hither  levels  of  contamination  do  appear  to  give  hither 
values  of  retention.  These  results  point  to  the  possibility  of  a 
polymerisation  process  where  molecules  originating  in  the  pulse  may 
Table  6.9.  Catalyst  contamination  and  percenta;;  e  ethylene-C14  molecules 
initially  retained  after  passage  over  Ir/ZiO2  in  H2  flow. 
fix;  e:  i:  nent  Te:  porature/  Conta;  ilination/  aolccules  retained/ 
number  Kx  1015molecule 
G2/1  265  0  0.31 
G2/3  304  0.61  0.33 
G2/2  292  0.33  0.37 
02/7  239  1.1  0.49 
G2/5  251  7.2  0.62 
G2/6  317  8.0  0.97 260 
react  with  those  previously  adsorbed.  Had  the  passage  of  previous 
pulses  ýiveu  rise  to  now  adsorption  sites,  the  amount  of  retention 
should  have  risen  with  successive  experiments. 
The  above  correlation  gives  no  indication  of  the  nature  of  the 
retained  molecules,  except  that  at  least  a  proportion  of  them  should 
be  larger  than  C2.  The  desorption  curves  show  that  at  'least  three 
different  types  of  adsorption  occur,  i.  e.  correspondin6  to  the  two 
regions  of  the  semi-log  desorption  curve  generally  observed  and  those 
species  vhich  do  not  appear  to  be  removed  by  hydrogen  at  all,  at  least 
on  the  time  scale  of  the  experiments.  Each  of  these  adsorbed  species 
may  arise  from  different  adsorption  sites  with  the  same  mode  of  ad- 
sorption,  different  modes  of  adsorption  on  similar  sites  or  a  combination 
of  the  two. 
We  can,  perhaps,  obtain  some  information  about  the  possible  location 
of  the  observed  adsorption  by  examining  the  experiments  with  silica. 
Table  6.10  lists  the  values  of  contamination  and  percentaSe  retention 
for  each  of  these  experiments.  The  first  five  listed  were  carried 
out  under  similar  conditions  and,  with  the  exception  of  BS3/7,  a 
correlation  exists  between  the  contamination  and  the  retention,  similar 
to  that  for  the  Ir/SiO 
2  catalyst.  The  retention  also  appears  to  be 
enhanced  in  BS3/1  where  the  normal  reduction  procedure  was  not  used. 
This  may  be  due  to  the  presence  of  water. 
Reid  et  al.  (95)  adsorbed  ethylene  on  silica  and  analysed  the 
thermally  desorbed  species  mass  spectronetrically  following  evacuation 
of  the  sample  at  room  temperature.  It  was  concluded  that  the  range 
of  products  formed  (apparently  including  a  substantial  fraction  of 
C4  species)  corresponded  to  alcohols  rather  than  hydrocarbons.  Theca 
results  tend  to  confirm  the  proposed  polymerisation  process  as  beine 
responsible  for  at  least  a  proportion  of  the  retained  molecules  on 
silica.  Adsorbed  water  may  enhance  the  alcohol  formation.  We  may 
also  conclude  that  a  substantial  proportion  of  the  retained  species 
observed  in  the  G2  experiments  are  attributable  to  support  rather  than 
metal  adsorr  Lion. 
In  several  experiments,  however,  the  initial  retention  values 
obtained  with  Ir/￿302  were  considerably  higher  than  those  observed 
witli  silica,  up  to  a  ma.  dmum  of  2.4  x  1016  molecule  mf,  -l  (G6/4) 
Tile  ranee  of  values  obtained  indicates  that  the  retained  species  are 
not  confined  siaply  to  a  definito  fraction  of  the  surface.  hathor 261 
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the  uptake  of  retained  species  appears  To  take  place  throughout  the 
ethylene-C14  pulse.  If,  for  example,  we  scrutinise  the  count  rate 
versus  time  plots  during  the  ethylene-C14  pulse  in  experiments  G6/2 
and'4  (figure  5.36),  we  see  that  following  the  initial  sharp  rise  in 
count  rate  at  the  beginning  of  the  pulse,  the  subsequent,  slower  rise 
can  be  equated  with  the  uptake  of  long-lived  surface  species. 
Particularly  in  G6/4,  this  uptake  appears  to  cease  only  at  the 
termination  of  the  pulse.  The  addition  of  a  second  ethylene-C14 
pulse  before  removal  of  retained  species  arising  from  the  earlier 
pulse  led  to  increased  retention  (e.  g.  experiment  G1/6,  figure  5.27)" 
At  this  point  we  raust  return  once  again  to  the  migration  of 
adsorbed  hydrocarbon  from  metal  to  support  described  by  Reid  et  al. 
for  Rh/SiO  2  catalysts  (95).  The  maximum  retention  observed  in  any 
experiment  with  Ir/SiO 
2  was  2.4  x  1016  molecule  mg-1  (G6/4)  which, 
compared  with  the  estimated  number  of  surface  Ir  atoms,  gives  a  ratio 
of  surface  metal  atoms  :  retained  ethylene  of  1.74.  We  have  previously 
estimated  that  the  number  of  short-lived  hydrocarbon  species  on  the 
metal  was  about  1x  10i6  molecule  mC-1,  which  would  tend  to  reinfcrco 
the  idea  that  a  significant  proportion  of  the  retained  species  must 
migrate  to  the  support.  On  the  other  hand,  we  have  also  seen  that 
some  retention  can  be  attributed  to  ethylene  adsorbing  directly  on 
the  support.  The  figures  are  inconclusive. 
A  major  difficulty  concerning  the  origins  of  the  long-lived  species 
is  whether  these  may  be  attributed  primarily  to  ethylene  or  ethane  as 
precursor,  both  being  present  under  hydrogenation  conditions.  Experiment 
G1/7  was  performed  with  an  ethylene-C14  pulse  in  helium  flow,  thus 
minimising  the  possibility  of  retained  species  arising  from  ethane. 
In  this  case,  a  high  value  of  retention  was  recorded  and  introduction 
of  a  second  ethylene-C14  pulse  led  to  a  total  value  of  retention  of 
2.1  x  1016  : -olecule  mg-1.  Under  hydrogen  flow,  coverage  of  the  metal 
surface  by  hydrogen  and  a  rapid  reaction  to  ethane  may  result  in  a 
considerably  smaller  effect  duo  to  ethylene. 
A  phenc  enon  not  observed  in  helium  flog:,  but  observed  in  all 
experiments  with  hydrogen  flow  where  a  similar  value  of  retention  was 
observed  ,  was  a  slow  rise  and  fall  in  the  count  rate  following  the 
passage  of  the  ethylene-C14  pulse  (e.  g.  e::  poriments  G1/3,  Gl/6  and  G4/1). -+  r  -Z, 
,  na  reci:  e  of  icin  of  t.  -ii  ;  effect  ý:  obL;  cure,  but  ýnuct  orire  from, 
preferential  formation  of  long-lived  species  in  selected  areas  of  the 
cotolyst  bed  "not  soon"  by  the  detector.  FollcwinL;  the  nasza,  e  of 
the  ethylene  pulse,  we  may  assure  a  diffusion,  either  via  the  Gas 
pha:;  e  or  surface  migration,  to  give  a  uniform  distribution  over  the 
whole  catalyst  sa.  liple.  It  is  intereetin,  to  note  that  this  effect 
,,,,,  as  also  observed  with  etaane-C14  in  experiaents  G6/6  and  7.  We 
may  ta''Se  this  as  evidence  for  ethane  c.  ivin4  rise  to  a  significant 
portion  of  the  retained  species  during  the  passage  of  ethylene  pulses 
in  hydro,  -,  en  flo.  '.  The  retention  of  ethane  by  supported  metal  catalysts 
has,  in  te  ;  ast,  been  larLely  neglected  in  favour  of  tie  olefins. 
Ethane  retenticn  was,  however,  studied  by  Taylor,  Thomson  and  '':  ebb 
on  a  Fd/A1203  catalyst  (45).  On  passing  a  series  of  ethane  pulsed 
over  the  cata1  st  sam  le  iii  helium  flow,  they  fcumd  that  the  total 
ethane  retention  was  only  cli-,  fitly  less  than  that  for'ethylene  at  rocu 
temperature,  but  at  higher  te.  nperatures,  trat  of  ethane  fell  while  the 
amount  of  ethylene  retained  rose. 
In  conclusion,  several  processes  appear  to  Give  rise  to  long-lived 
species  during  ethylene  hydrogenation.  17hile  a  certain  fraction  of  the 
observed  species  may  be  attributed  to  direct  adsorption  of  ethylene  on 
the  support,  the  nature  and  location  of  other  species  is  uncertain. 
From  the  infra-red"  studies  of  Sheppard  et  al.  (116)  of  otilylene  hydro- 
Fenation  over  Pt/  iO2,  the  came  types  of  loni,  -lived,  Q-bonded  species 
appear  to  be  present  on  the  metal  as  were  observed  from  simple  ethylene 
adsorption.  It  there  ore  see..,  s  probable  that  SOL_«  of  our  long-lived 
species  were  of  the  type  associated  with  ethylene  on  the  metal. 
Fornova-l  of  lon;;  71ived  ")ec:  Lcs. 
In  several  e:  ti  ,  erimefto;  the  desorption  of  retained  &aeC1Cc  was 
, ronitorod  1:  "ith  time  under  hydrogen  flow  and  at  t,  ie  teiup©nature 
of  the 
etý:;;  lene  pulse.  In  the  G2  series  of  exPPeri.:;  ento  'with  Tr 
.,  63_3;  x; 
of  ',  ',  a  in--*-  -1,  f  11j  retained  n  tcrial  was  ro.:  lovod  at  teý;: 
i  er  t  G  urea  botvieen 
251  and  -,  'C4  1;.  wii￿ilar1  y,  in  ex,  -orimtc.  nts  with  silica  GL,  -? O; '  of  the 
retained  actjvity  wac  removed,  although  at  2Jl  IC  (ýýj/2)  tree  desorption 
was  extremely  slow.  In  ehperiu:  onte  with  higher  initial  Valued  of 
retention,  o.  L;.  CES/2  and  t+,  once  again  ca.  7O  of  the  lon'_lived 
o  eciea 
were  removed  in  hydro;,  en  flow. G'C,  t; 
In  cor.::  ý^rin;;  tiie,  e  e::  reri:,  e:  itý,  the  effect  of  temperature  io  not 
obvious.  The  de::  or.  ption  rates  appear  to  vary  randomly  with  temperature 
and  se:  arate  experiments  run  at  similar  tenperatures  Cave  rice  to 
different  desorption  rates.  The  only  correlation  between  rates  and 
temperature  is  found  with  silica  experiments  where  a  general  tendency 
toward  faster  desorption  at  higher  temperatures  was  observed..  In 
experiment  G2/7,  however,  where  the  initial  te.  nperature  of  239  K  save 
rice  to  an  extremely  slow  desorption  rate,  the  temperature  was  raised 
to  327  K  and  t_-,,  en  lowered  to  273  K.  Desorption  proceeded  from  ca.  250  K 
.:.  ith  no  other  obvious  enhancement  at  any  particular  temperature,  but  was 
retarded  at  ca.  315  K  (see  figure  5.33).  On  subsequently  lowering  the 
temperature,  the  desorption  rate  was  again  enhanced.  The  retardation 
of  desorpticn  as  the  temperature  was  raised  might  readily  be  explained 
by  reaction  of  the  surface  species  to  give  more  firmly  held  molecules. 
The  reversal  of  this  trend  on  lowering  the  teu:  erature  again  is  not  so 
readily  explained,  as  there  is  no  obvious  reason  for  molecules  which 
have  reacted  to  more  stron-ly  adsorbed  species  reverting  to  their 
original  form  at  lower  temperatures.  A  possible  explanation  miL;  iLt 
again  be  found  in  terms  of  the  metal-silica  migration  mechanism  of 
Reid  et  al.  (95).  If  irre  assume  t.  iat  the  observed  adcorption  arose 
primarily  from  molecules  adsorbed  on  the  support  which  muct  L1irato  to 
the  metal  in  order  to  decorb,  then  at  higher  te:.  iperaturos  they  may  undorLo 
further  reaction  on  the  metal  ugivinc.  -  rise  to  more  strongly  adsorbed 
species.  On  subsequent  lowering  of  the  te.:  porature,  only  molecules 
Which  had  already  reached  the  kaetal  and  reacted  would  be  affuctod,  the 
rernaininý;  support  adsozbed  :  oleculcs  once  al;  ain  following  the  PLIOViOUC 
pattern  of  behaviour. 
By  analo,,;  y 
discussed  previ 
re`io:  i  of  .  ost 
of  tü  ration. 
however,  iii  the 
with  the  desorption  or  chlorobenzeno  from  Pd/iO2, 
eusly,  we  mibht  also  interpret  the  two  "ctraij  ht-11ne" 
of  the  cor.  i  -lo.  -  c  ccorotion  curvet;  in  terr.  ºs  of  ti:  ioj  typo 
The  sane  tyre  of  desorption  curve  vas  also  obtained, 
descrptious  of  retained  z  cciec  fru.  a  cilic(.  Cbviuuzly, 
thio  uoint  io  not  conclusive. 
On  adcor'oin,  ý  ethylene-C14  on  Ir/;  i02  in  ho1iuia  flow  at  296  K  (G1/7), 
the  initial  desorption  rate  was  considerably  slov,  er  than  for  those 
exieriments  conducted  under  hydroj;  en  f'loy:.  On  introduction  of  hydroZen L  l1j 
flow,  the  decorption  reto  became  co,  aparable  with  t_ioce  ::.  "eri.,  ier.  ts 
performed  in  hydrogen  floc;  throughout.  An  interesting  feature  of 
the  experiment  was  the  initial,  rapid  fall  in  count  rate,  irm:  ediately 
after  the  introduction  of  hydrogen  flow,  by  1.9  x  1015  molecule  m5-1. 
The  extent  of  adsorption  on  the  ractal  during,  the  ethylene  pulse  is 
uncertain  in  this  case,  as  ethylene  adsorption  on  the  support  would 
probably  have  occurred.  It  seems  possible,  however,  that  the  fraction 
of  molecules  rapidly  desorbed  by  hydrogen  could  tale  part  in  the  hydro- 
ecnntion  reaction.  Less  strongly  adsorbed  ethylene  may  only  have 
been  observed  transiently  during  the  passage  of  the  ethylene  pulse. 
In  this  case,  we  would  expect  that  fraction  also  to  be  active  in  hydro- 
genation.  Thus,  we  may  not  equate  the  number  of  ethylene  molecules 
rapidly  desorbed  by  hydrogen  with  the  total  number  of  molecules  active 
during  the  hydrogenation  reaction.  Vie  might,  however,  take  the  figure 
of  ca.  2x  1015  molecule  gag-1  as  a  lower  limit  to  the  size  of  the  active 
pool  of  molecules. 
The  effect  of  non-radiotracer  ethylene  on  the  retained  radiotracer 
species  was  investigated  in  experiments  G1/3  and  4.  In  each  experiment, 
a  pulse  of  non  radiotracer  ethylene  in  hydrogen  flow  produced  a  fairly 
rapid  removal  of  part  of  the  radioactivity,  the  larier  pulse  used  in 
G1/3  having;  the  treater  effect.  It  is  interesting  that  a  smaller 
amount  of  ethylene  was  used  in  Gl/4,  but  the  pulso  ,,  as  of  a  greater 
duration  (100  s  as  opposed  to  80  s  in  G1/3).  The  longer  duration  was 
achieved  by  use  of  a  slower  carrier  flow  rate.  This  pulse  would 
tl_erofore  have  been  largely  etl:  a_ne,  while  in  Gl/3,  run  under  normal 
flog,  rate  conditions,  a  greater  concentration  of  ethylene  !  aa  prcbablo. 
It  appears  that  oChylene  is  more  efficacicus  in  re:  _ovinL  the  retained 
material  than  et:  iane.  A  further  point  of  interest  in  ex1'  erim  ont  G1/1i 
was  the  absence  of  any  effect  of  non-radioactive  othylene  on  the  remainin 
radioactivity  after  warming  the  catalyst  to  313  K  and  allov:  inZ  the  ,  y;  teu 
to  come  to  an  a.  'parent  steady  state.  This  result  is  in  a.,  groc:  ac..  t  with 
the  L.:  -,.  oral  c:;  nurvat:  Lon  of  Cor.  aac.,,  A.,  io,.  icuu  and  r;;  lo  found 
that  otl:  yleno-Cllr  adsorbed  on  a  variety  of  alur.:  ina  s;  iI>p  ,  reed  :  totals 
(including  iridium.  l)  was  displaced  to  the  saalo  et3rit  by  treat,.: 
0:  jt  with 
hydrogen,  non-radioactive  ethylene,  or  a  rmixture  Of  both. ýý 
c  Ur 
introduction  of  each  no:  i-radiotracer  ethylene  e  in  pul- 
G1/3  resulted  in  an  initial  fall  in  count  rate  followed  by  a  slower 
rise  (see  figure  5.25).  `,!  e  explain  this  pheno::  ienon  in  the 
saue  way  as  the  rise  and  -fall  in  the  initial  retention  iruaediately 
folloz,  in  the  passa;;  e  of  etI:  ylene-C14  pulses.  We  previously  attributed 
thi  rhonos:.  enon  to  surface  sy.  ecies  for.  -led  from  as  phase  ethane.  The 
introduction  of  a  pulse  of  non-radioactive  ethylene  without  hydrogen 
at  F  in  figure  5.23  supports  this  view.  The  pulce  appears  to  have 
had  effect  only  at  its  beginning  aad  end.  Durin  the  central  section 
of  the  pulse  a  c.  iall  rice  in  count  rate  was  observed.  If  tine  assume 
sj;:  all  a.:,  ounts  of  hydrogen  to  be  present  at  ý:.  eher  end  of  the  pulse, 
due  to  with  the  carrier  ,,  as,  then  we  would  expect  ethane  to  be 
present  at  the  appropriate  times.  An  alternative  explanation  may, 
however,  be  given  in  terms  of  hydrogen  being  necessary  for  the  desorption 
process. 
In  e:  porinent  G1/2,  an  ethylene-C14  ±ul,  e  was  passed  over  the 
Ir/SiO2  catalyst  in  a  constant  ethylene/hydrogen  flow  and  resulted  in 
a  retention  of  2.2  x  1015  molecule  mg-1  of  the  radiotracer.  vrnet.  her 
or  not  this  represents  a  constant  build  up  of  retained  species,  even 
after  several  rAnutes  of  reaction,  it  is  difficult  to  decide.  The 
result  may  Limply  be  due  to  a  constant  exc_iante  of  a  fraction  of  the 
Ion,:  -lived  species,  similar  to  the  dis_Aa.  cet:  ient  of  retained  ethylene-C14 
by  non-radioactive  ethylene  described  previously. 
Lore-lived  species  on  Pt/Si02. 
The  values  of  retention  observed  here  (see  table  5"12)  were  nirailar 
to  those  for  the  Ir/  i02  catalyst.  The  sar:;  e  types  of  Slog,  desorption 
process  were  obuerved  (7-5/1,3  and  5)  and  a  sli:  tilar  dioplacelaent 
of 
retained  radioactivity  by  non-radioactive  ethylene  (r5/2).  ;;  ýti.  in  the 
limitc  of  the  small  number  of  e:  "eriuents  performed,  we  nay  acco,  't  1o  t 
of  the  conclusions  of  the  fore:  oin;  ci￿cuLcicn  on  Ir/Sip 
also  to  Ft/SiO.. 
4 _'J'1 
U.  lc. 
From  the  diccussion  on  the  short-lived  species  observed  on  Ir/  iC2 
durin_-  ethylene  hydrogenation,  two  major  points  emerge: 
(1)  Over  the  range  of  temperature  and  ethylene  partial  pressures  used, 
the  adsorption  of  hydrocarbon  on  the  metal  appears  to  be  approx- 
imately  constant  with  a  ratio  of  adsorbed  hydrocarbon  to  surface 
metal  atoms  of  ca.  1:  4. 
(2)  :,  t  lc  .  per  te..  i,.  oraturos  (<  270  K)  ,  substantial  . -..  cunts  of  :  roduct 
ethane  are  adsorbed  on  the  support.  The  desorption  curves  make 
no  apparent  distinction  between  metal  and  support  adsorption,  so 
that  x  algid  ir_terconvcrsion  of  the  two  ty:  es  of  adsorbed  s  ecies 
is  rrobable. 
The  a^  arcntly  constant  ^ietal  ccverace  by  hydrocarbon  is  in  accord 
with  the  low  order  of  the  reaction  with  respect  to  ethylene  observed  by 
Many  workers  (see  section  3.3).  Let  us  first  consider  the  assiL;  neent 
of  this  adsorption  primarily  to  species  which  rriay  on-irate  from  ethane. 
In  tkc  r  infra-red  study  of  adeorrtion  on  supported  nickel  catalysts, 
Eischen_s  and  Plis'zin  (1G)  found  no  absorption  spectrum  when  ethane  was 
admitted  to  a.  hydroccn  covered  nic<_el  s,.  rface.  On  ad.:  icsion  of  ethane 
to  a  bare  nicrhel  surface,  hov;,  ever,  absorption  bands  similar  to  those 
obtai::  ed  with  etaylcne  .,  ere  observed.  IZouball  (153)  found  that  the 
del?  te:  it:  ^:  content  of  t.  1C  Lt:  tines  -r1;  C:  UCCd  frc'.  1  t11C  '  4-:,  -  U.  j-eý; 
_  "l  ný 
reaction  at  173  I,  over  tungsten,  nickel,  rhodium  a.  ld  iron  was 
attributable  to  the  dcuter<  <:  ien  and  ethylene/deuterium  e;;  ci:  a,  i'-e  reactions 
rý-,  ther  than  ethano  -  deuterium  e::  chanÜe.  Whose  results  -ýUL,;  öect  the 
improbnbili%y  of  ctharo  adsorption  occurring  under  concitions  of  ethylene 
h,  dro;;  enatio  n,  althouCh  the  sa.  no  situation  may  not  occur  on  an  iridium 
urfacc.  ' 
Fon  c,  r'Li111  ;  cn,  '.  'ßäb,  t"e1i:  and  inlorjotto:  l  I,  ovc  otudieu  täe 
deuteriul.:  -e..  iy!  lcne  reaction  over  the  group  3  .  aeta1  ;,  unýýortca  on 
alumina  (19.5,19k).  Their  aualycia  of  the  initial  product  foi"..  ation 
vlas  based  en  that  of  Keriball  (153)  e:  iiich  assu:;  ies  a  steady  state  reaction 
scheme: 
J +X+X 
C2x4(9)  ±  C2X4(a)  X  C2X5(a)  -->  C2X6(5) 
where  (S)  represents  a  gas  phase  molecule,  (a)  an  adsorbed  species 
and  X  may  be  either  H  or  D.  For  iridium,  it  was  calculated  that 
97%  of  the  surface  species  were  ethyl  radicals  at  257  K,  due  to  the 
low  probability  of  olefin  desorption.  The  scheme,  however,  takes 
no  account  of  the  possibility  of  ethane  adsorption  to  Give  adsorbed 
ethyl  radicals.  Even  if  the  probability  of  ethane  adsorption  is 
low  in  the  presence  of  significant  amounts  of  ethylene,  it  may  well 
be  hiL;  her  under  conditions  of  total  conversion  to  ethane.  In  the' 
present  study,  we  have  seen  that  ethane  adsorption  on  a  hydrogen 
covered  iridium  catalyst  is  only  about  half  of  that  occurring  with 
ethylene  at  294  K  and  may  be  due  to  support  adsorption.  A  possible 
explanation  mijht  be  found  in  the  state  of  the  catalyst  surface  under 
our  reaction  ccnditions.  It  is  possible  that  adsorption  sites  vacated 
by  adsorbed  ethyl  radicals  on  reacting  to  give  ethane  may  be  filled 
more  rapidly  by  ethane  than  by  hydrogen.  In  this  case,  when  sub- 
stantial  amounts  of  ethylene  are  available  for  adsorption,  ethane 
adsorption  probably  competes  unfavourably  with  that  of  ethylene.  In 
other  words,  the  ethane  adsorption  which  we  suspect  takes  place  may 
occur  only  in  the  tiiae  interval  as  the  system  relates  between  ethylene 
adsorption  during  the  hydrogenation  reaction  and  hydrogen  adsorption 
following  the  reacticn. 
The  above  discussion  has  assured  that  the  hydroCenation  reaction 
involves  associatively  adsorbed  ethylene,  a  conclusion  Which  soems 
inescapable  from  the  deuterium  exchanGe  occurring  during  ethylene 
hydrogenation  (153,193,194).  The  question  of  the  form  of  hydrogen 
participatin  in  the  reaction  is  not  clear  frcm  previous  studies. 
While  from  the  above  mentioned  ethylene  -  deuterium  studies  it  aptcars 
certain  that  dissoclatively  adsorbed  hydrogen  is  involved,  this  may 
occur  either  by  dissociative  adsorption  on  the  metal  preceodd.  nß  reaction 
or  by  a  reaction  of  associatively  adsorbed  ethylene  with  molecular 
j  hydroecii  to  give  an  ethyl  radical  and  adsorbed  hydroCon  atom  (159). 
The  present  experiments  suet  a  1:  4  hydrocarbon  to  curfaco  metal 
atom  ratio  which  nay  be  compared  with  the  value  of  1:  2  observed  -by 26-9 
Reid  et  al.  for  ethylene  on  Rh/äi02  (95).  The  possibility  exists, 
therefore,  of  a  substantial  area  being  available  for  hydrogen  ad- 
sorption.  Fron  the  results  of  Bond  et  al.  (194)  we  raust  expect  a 
hiGh  surface  coverage  of  our  iridium  catalyst  by  ethyl  radicals. 
Tiigg's  hypothesis  (159)  does  not  account  for  atomically  adsorbed 
hydrogen  to  be  present  in  greater  amounts  than  ethyl  radicals,  so 
that  the  adsorbed  hydrocarbon  to  surface  metal  atom  ratio  suggests 
the  presence  of  at  least  some  dissociative  hydrogen  adsorption  inde- 
pendent  of  any  reaction  Y.,  ith  adsorbed  ethylene. 
Koh  and  Hughes  (158)  studied  the  kinetics  of  ethylene  hydrogen- 
ation  over  a  silica  -  alumina  supported  nickel  catalyst  in  a  constant 
flow  system.  They  constructed  kinetic  equations  based  on  the  various 
possible  reaction  mechanisms  and  found  that  three  possibilities  fitted 
the  results,  viz: 
I 
(a)  reaction  between  adsorbed  ethylene  and  i:  iolecularly  adsorbed 
hydrogen  with  ethane  desorption  as  the  rate  determinin,  -  step. 
(b)  reaction  between  adsorbed  ethylene  and  Gaseous  hydrogen  when 
the  rate  deterrninine  step  is  the  impact  of  hydrogen  upon 
adsorbed  ethylene. 
(c)  as  for  (b)  but  with  ethane  desorption  as  the  rate  determining 
step. 
(a)  was  rejected  because  of  reports  of  low  hydrogen  adsorption 
(159,149),  and  (c)  due  to  reports  of  rapid  ethane  desorption  (160,152), 
(b)  therefore  being  accepted.  Similar  kinetic  results  had  Previoucly 
been  interpreted  by  Pauls,  Comin;;  s  and  Smith  (157)  and  Koeatenblatt  and 
Zie-ler  (140)  as  a  reaction  betrteen  a  small  amount  of  adsorbed  hydrogen 
with  cas  phase  ethylene.  For  the  reasons  stated  above,  this  mechanism 
seem  it,  iplausible,  but  we  must  consider  those  of  KOII  and  FiuGhos  more 
carefully. 
Both  from  our  own  observations  and  t.  iose  of  Bond  et  al.  (193) 
Biere  appears  to  be  a  substantial  coverage  of  the  surface  by  othyl 
radicals.  Ethane  appears  to  give  rise  to  an  adsorption  ttiiich  ~)ersizts 
at  least  on  the  time  scale  of  the  hydrogenation  reaction.  CotabininU 
this  factor  with  the  observation  of  a  cocrainC1,  y  larSe  numbor  of  uaetal 
adsorption  cites  available  for  hydro  ;  en  adsorption,  vie  may  conclude 270 
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that  niec;  ianism  (a),  the  reaction  between  adsorbed  ethylene  and  adsorbed 
hydrogen  is  most  lil.  oly. 
Since,  under  our  experimental  conditions,  it  was  not  possible  to 
obtain  conversions  of  ethylene  to  ethane  of  less  than  lC0;  5  in  hydrogen 
flow,  it  is  not  possible  to  draw  direct  conclusions  on  the  effect  of 
the  long-lived  species  on  the  reaction  rate.  We  may  observe,  however, 
that  no  significant  effect  due  to  retained  material  was  found  on  the 
short-lived  adsorption.  Beeck  (151)  and  Jenkins  and  Rideal  (152) 
have  suggested  that  dissociatively  adsorbed  ethylene,  whether  in  the 
form  of  "acetylenic  complexes"  or  "surface  carbide"  result  in  poisoning 
of  the  hydrogenation  reaction.  Koestenblatt  and  Ziegler  (140)  studied 
this  effect  in  a  constant  flow  system  with  a  I1i/A1203  catalyst  operating 
at  ca.  315  K.  The  various  catalyst  pretreatments  employed,  including 
hydrogen,  ethylene  and  high  temperature  reaction,  resulted  in  a  reaction 
rate  tiaich,  in  the  first  two  cases,  took  several  hours  to  stabilise. 
This  was  interpreted  in  terms  of  slow  changes  in  the  extent  of  strongly 
adsorbed  species.  A  considerable  proportion  of  the  Z'etained  species 
in  the  present  study  appear  to  be  labile  to  an  ethylene  -  hydrogen 
reaction  mixture,  and  we  may  conclude  that  any  equilibrium  process 
involving  such  species  would  occur  relatively  rapidly.  In  all  experi- 
ments,  a  small  amount  of  retention  was  observed  and  the  retained  species 
were  not  removed  on  the  time  scale  and  at  the  temperatures  employed. 
This  type  of  adsorption  probably  corresponds  to  that  responsible  for 
poisoning  in  the  study  of  Koestenblatt  and  Ziegler  (14),  al'chou  li  part 
of  our  observed  radioactivity  could  be  attributed  to  the  support. 
Perhaps  the  most  important  conclusion  we  may  draw  concerning  the 
Ion,  -,  -lived  species  during  ethylene  hydrogenation,  is  that  at  least  one, 
and  possibly  several  types  of  adsorption  occur  of  a  duration  intermediate 
between  those  giving  rise  to  the  greater  part  of  the  ethane  formed  and 
the  more  traditional  type  of  "acetylenic  complex".  Zheppard  et  al.  (116) 
concluded  that  the  normally  observed,  C  Y-  bonded  molecules  were  removed 
too  slowly  by  hydrogen  to  participate  in  the  hydrogenation  reaction,  so 
that  these  iaay  well  correspond  to  at  least  part  of  our  11intorlaed,  iato', 
duration  adsorption. '-,  - 
6.11.  Conclusions  on  ethylene  hydrorenz;  tion. 
In  chapter  3  it  was  suCGested  that  many  of  the  inconsistencies 
and  difficulties  in  interpretation  of  previous  studies  of  ethylene 
hydroGenation  mi,  ht  be  attributed  to  a  variety  of  possible  surface 
processes  occurring  simultaneously.  From  the  present  study  there 
appear  to  be  at  least  ten  different  types  of  adsorption  which  probabl, 
occur  durinG  the  hydrogenation  reaction  under  our  conditions  viz: 
(1)  physical  adsorption  of  ethylene  on  the  support 
(2)  physical  adsorption  of  ethane  on  the  support 
(3)  transitory  adsorption  of  ethylene  on  the  metal,  corresponding 
to  the  form  active  in  hydrogenation 
(1ý)  transitory  adsorption  of  ethane  on  the  metal  on  a  time  scale 
similar  to  (3)  -  (3)  and  (4)  combined  dive  rise  to  a  total 
adsorption  equivalent  to  approximately  one  molecule  adsorbed 
to  four  surface  metal  atoms 
(5)  and  (6)  retained  species  on  the  support,  corresr,  ondinC  to  the 
fast  and  slow  sections,  respectively,  of  the  semi-log  slow 
desorption  curve  -  these  may  well  be  polymeric 
(7)  retained  species  on  the  metal,  arisin  from  ethylene  adsorption,  Q  f. 
slowly  removed  by  hydrogen  and  displaced  by  ethylene  -  these 
species  may  be  subdivided  as  for  (5)  and  (6)  on  the  support, 
but  there  is  no  direct  evidence  for  these  two  types 
($)  retained  species  arising  from  ethane  which  may  diffuse  freely 
over  the  catalyst  bed  -  these  may  be  due  either  to  metal  or 
support  adsorption 
(g)  species  not  removed  fro,  -,  i  the  support  under  hydro-en  flow  at  room 
temperature 
(1V)  species  not  removed  from  the  metal  under  hydrogen  flow  or  during; 
ethylene  hydrogenation  at  room  temperature. 
Species  of  types  (3)  and  (Li)  are  clearly  the  most  important  in  the 
hydrogenation  reaction.  CoubininS  our  own  evidence  with  that  of  other 
workers,  the  reaction  probably  occurs  betv;  eon  associatively  adsorbed 
ethylene  and  adsorbed  hydrogen. 272 
It  is  obvious,  however,  that  from  the  variety  of  possible 
adsorption  types,  future  concomitant  studies  of  adsorption 
and 
catalysis  alone  will  not  be  sufficient  to  gain  insiSht  into  the 
mechanism  of  ethylene  hydrogenation  over  metal  catalysts.  Any 
such  study  must  include  some  means  of  distinguishing  between  the 
different  adsorption  types.  The  present  attempt  to  differentiate 
on  the  basis  of  kinetic  behaviour  has  shovm  clearly  the  complexities 
of  the  problem.  These  complexities  will  remain  so  long  as  methods 
are  used  which  only  measure  adsorption  rather.  than  methods  which 
will  reveal  the  nature  of  individual  species.  Infra-red  spectro- 
scopy  may  eventually  provide  a  more  adequate  means  of  studying 
the  reaction,  provided  that  samples  can  be  prepared  in  such  a  way 
that  diffusional  limitation  of  the  kinetics  is  avoided. 273 
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6.12.  Conclusions. 
The  tracer  dynarics  methods. 
In  each  of  the  catalytic  systems  studied,  it  has  been  possible  to 
obtain  certain  information  about  the  processes  occurring  on  the  catalyst 
surface  during,  reaction.  The  basic  aim  of  each  method  described  in  this 
chapter  was  an  estimation  of  the  size  of  the  "active  pool"  of  ü:  oleculeo 
adsorbed  on  the  catalyst  surface  durinb  reaction.  Given  that  this 
quantity  does  not  differentiate  between  different  forms  of  adsorbed 
material,  there  is  no  reason  to  doubt  the  validity  of  the  calculations 
used.  In  both  systems  studied,  ho,.  ever,  it  was  necessary  to  remove 
the  constant-flow  limitation  on  reaction  conditions  envisaged.  originally 
In  the  ethylene  studies  this  was  largely  due  to  practical  considerations, 
i.  e.  temperature  control.  In  the  chlorobenzone  studies  the  difficulty 
was  of  a  more  fundamental  nature,  arising  from  the  need  to  distinguish 
between  active  (chemical)  adsorption  and  inactive  (physical)  adsorption. 
Indiscriminate  use  of  this  type  of  study  may,  therefore,  Cive  rise  to 
values  of  adsorption  bearing  little  relationship  to  the  catalytic  reaction. 
The  Occupancy  Principle  method  is  particularly  prone  to  this  defect  as  it 
does  not  allow  any  distinction  to  be  made  between  different  types  of 
0  adsorption.  The  time-dependent  method,  on  the  other  hand,  does  allow 
some  differentiation,  particularly  when  applied  to  a  pulsed  flow  system. 
This  latter  method  therefore  appears  to  be  of  greater  utility  than  a 
straightforward  application  of  the  Occupancy  Principle. 
With  regard  to  the  applicability  of  the  methods  to  catalytic  systems 
in  general,  the  most  fundamental  limitation  may  be  the  ability  to  d.  ý'.  ect 
rapid  surface  processes.  The  measurement  of  adsorption  by  radiotracor 
means  must  be  limited  by  the  number  of  disintegrations  occurrinC  on  the 
catalyst  surface  within  the  duration  of  the  experiment.  Valuer,  of  the 
mean  surface  lifetime  of  ca.  0.2  s  probably  represent  the  lower  limit 
with  an  apparatus  such  as  that  used  for  the  ethylene  studies.  The 
most  likely  area  for  improvement  is  in  the  detector  sensitivity.  Uce 
of  a  scintillation  counter  such  as  that  described  by  Candy,  Fouilloux 
and  Bussiere  (195)  should  reduce  the  minimum  acceptable  surface  lifetime 
by  a  factor  of  at  least  ten. 2711 
Concomitant  studies  of  adsorrtion  and  catalysis. 
The  necessity  for  concomitant  studies  of  adsorption  and  catalysis, 
stressed  by  Tanaru  (98),  is  undeniable.  Indeed,  any  riGorous  under- 
standinG  of  a  hetoroCrSeneous  catalytic  system  must  eventually  include 
a  1>noviledbe  of  the  surface  concentrations  of  the  reactive  species. 
The  present  study,  however,  emphasises  the  need  to  discriminate  between 
the  different  modes  of  adsorption  occurring  during  catalysis.  Apart 
from  the  physically  adsorbed  species  observed  in  both  catalytic  systems 
studied,  long-lived  surface  species  may  also  be  of  considerable  importance. 
In  the  study  of  homogeneous  reaction  kinetics,  secondary  processes  hiving 
rise  to  small  amounts  of  reaction  may  frequently  be  neglected.  In  a 
hetero-enous  system,  the  surface  species  involved  in  such  secondary 
processes  may  occupy  a  significant  fraction  of  the  catalyst  surface  and 
give  rise  to  disproportionate  effects  on  the  overall  reaction  rates. 
It  is  therefore  necessary  to  find  methods  capable  of  determining  the 
fraction  of  adsorption  which  gives  rise  to  the  greater  part  of  the 
observed  reaction.  In  the  present  study,  discrimination  was  achieved 
by  the  comparative  kinetics  of  the  observed  processes.  An 
improvement  would  probably  be  found  in  the  use  of  spectroscopic  techniques, 
as  it  is  obviously  desirable  to  identify  each  of  the  surface  species 
involved  in  the  system  in  addition  to  their  concentrations. 
The  active  surface. 
From  the  results  of  the  two  systems  studied,  it  appoars  that  a 
substantial  proportion  of  the  metal  surface  is  active  in  catalyois.  we 
therefore  have  no  evidence  that  the  low  site  densities  proposed  for  non- 
metallic  catalysts  by  Maatman  (51,52)  are  also  to  be  found  on  :  metallic 
surfaces. 
From  the  observation  ti:  at  only  about  30;  ý  of  the  metal  surface  is 
active  in  chlorobe:  zzene  hydrogenolycis  over  Pd/SiO2,  the  reaction  appears 
to  fall  into  Boudart's  class  of  "structure-sensitive"  or  "demanding" 
reactions  (53).  Ethylene  hydro;  etnation  over  Ir/SiOZ  al;  o  appears  to 
tale  place  on  only  .  art  of  the  aetal  surface,  but  may  be  classified  as 
a  "structure-in_sencitive"  or  "facile"  reaction  (4,5).  In  a  reaction 
labelled  as  "facile"  followrine,  rtudie5  of  reaction  rates  over  different 
types  of  metal  surface,  it  is  therefore  still  possible  for  loss  than "t7 
the  total  surface  to  form  the  active  sites.  It  would  be  wise, 
therefore,  to  redefine  'a  '"facile""  reaction  as  one  in  which  the 
fraction  of  the  surface  active  in  catalysis  is  independent  of  the 
surface  roonetry. 
It  is  interesting  to  note  that  Taylor's  concept  of  "active 
centres"  due  to  surface  heterogeneity  (1)  appears  to  have  been 
upheld  in  the  case  of  chlorobonzene  hydroaenolysis  over  Pd/SiO2. APPENDICES 276 
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Appendix  I.  I?  omenclature. 
Principal  symbols  and  abbreviations  used. 
The  symbols  which  are  not  listed  here  have  been  used  only 
for  isolated  equations  and  are  explained  in  the  text  at  the 
appropriate  point.  Certain  of  the  symbols  which  are  listed 
have  a  conventional  usaGe  other  than  that  given  below.  ',  7here 
such  cases  arise,  these  symbols  have  also  been  explained  in  the 
text  and  apply  only  to  that  particular  section. 
A  number  of  molecules  in  the  active  pool  adsorbed  on  the 
catalyst  surface  (molecule) 
C  capacity  of  specified  chamber  (molecule) 
D  total  radioactivity  of  a  given  pulse  (s-1) 
Ea  activation  energy  of  adsorption  (kJ  nol-1) 
Ed  activation  energy  of  desorption  (kJ  mol-1) 
FCS  fast  counting  system 
f  flux  of  molecules  throuCh  the  adsorbed  phase  (;  nolocule  s-1) 
f(t)  fraction  of  total  tracer  pulse  present  in  defined  chamber 
at  time  t 
F  total  flow  rate  of  reactant  and  product  (moleculo  s- 
-  AL: 
a 
heat  of  adsorption  (kJ  iaol-1) 
I  total  number  of  counts  observed  from  a  specified  part  of 
the  system  in  a  complete  experiment 
1. 
rate  constants 
K 
LSA  least  squares  appro::  ination 
1:  number  of  metal  adsorption  sites 
n  nu:  -aber  of  tracer  Molecules  adsorbed  at  ticae  t  (i::  olecu1o) 
N  total  number  of  county  occurring  over  a  given  time 277 
r  reaction  rate  (nolecule  s-1) 
R  as  constant  (JiCl  nol-1) 
RI  ratio  of  total  adsorbed  phase  counts  to  total  as  chamber 
counts  observed 
t  time  (s) 
T  temperature  (K) 
:Y 
count  rates  from  specified  types  of  adsorbed  species  (s_1) 
z 
E  extinction  coefficient  (1  mol-1  cm-1) 
Cc  catalyst  counting  efficiency  (mg) 
cg  gas  counting  efficiency 
turnover  number  for  adsorbed  molecules  (sýl) 
mean  surface  lifetike  or  occupancy  (s) 
T  mean  lifetime  of  a  molecule  in  the  gas  phase  for  a  given 
compartment  (s) 
Tv  mean  lifetime  per  visitation  (s) 
Units 
Most  of  the  units  used  are  in  accordance  with  the  Systeme 
International  (d'Unites).  The  principal  exceptions  are  the  units 
used  for  pressure  (1  torr  -  133.322  Nm-2)  and  volume  (11  ;  ts  10-3Lý3). 
Experiment  numbers 
Take  as  an  exa,  nple  the  experiment  C2/$.  :  sere  the  letter  (C) 
represents  the  catalyst  batch  fron  which  the  sanple  was  tahen. 
The  types  of  catalyst  corresponding  to  each  letter  used  are  -iven 
in  section  4.6.  Additionally,  experiments  with  blank  Aerocil 
silica  were  labelled  "BS".  The  number  following  the  letter  (2) 
rcpreconts  the  particular  catalysts  ca;  aple  and  the  final  number, 
after  the  stroke  (5),  the  exjýeriment  performed  with  t.  iat  cample. .  ý, 
onendix  II.  Tracer  Dynamics  for  Catalytic  Flow  Systems. 
II.  1.  Time  independent  tracer  dynamics. 
One  compartment,  no  net  flow. 
Consider  a  compartment,  A,  of  arbitrary  shape  which  holds  a 
certain  number  of  molecules,  C,  where  each  molecule  may  leave  or 
enter  A  in  equilibrium  with  the  environment  of  A  (figure  II.  1.  ) 
The  value  C  molecules  is  defined  as  the  capacity  of  A,  with  respect 
to  a  particular  chemical  species  or  group  of  chemical  species. 
E.  g.  for  a  system  containing  a  radioactive  element  as  a  tracer, 
all  molecules  containing  the  tracer  element  would  be  considered  a 
part  of  this  group. 
Consider  the  movement  of  the  molecules  entering  and  leaving  A 
at  any  point  on  the  boundary.  In  unit  time,  a  number  of  molecules, 
fI,  will  pass  the  boundary  in  an  inward  direction,  this  movement 
being  exactly  balanced  by  the  passage  of  f0  molecules-  in  the  outward 
direction  in  the  same  time  interval.  If  fI  and  f  0.  are  considered 
vectors  of  opposite  sense,  the  total  Flux,  f,  of  molecules,  which 
we  shall  say  "passes  through"  A,  may  be  defined  as  the  magnitude  of 
fI  or  f0: 
f=  i1I=)  c! 
I+Q=0 
Equation  II.  1. 
This  system  may  be  exemplified  by  the  case  of  an  adsorbent  in  a 
static  environment  of  adsorbate,  the  as  phase  constitutinG,  the 
environment,  and  tho  adsorbed  phase  the  compartment  A.  Although 
the  adsorbent  rna  influence  the  system,  it  cannot  itself  be  considered 
a  part  of  the  system. 
Since  no  net  movement  of  molecules  occurs  in  this  system,  (it  is 
at  equilibrium),  we-cannot  consider  a  mean  lifetime  for  a  molecule  in 
any  part  of  the  system.  We  may,  however,  define  a  mean  lifetime  per 
visitation  of  a  molecule  to  A.  If  we  designate  this  time  Tv,  the 
the  probability  that  a  ,  olecule  ..  ill  leave  A  in  unit  time  is  1/  Tv. 
As  C  molecules  are  present  in  A,  C/  Tv  molecules  will  leave  A  in 
unit  time,  hence: r`l  ; 
-1  J 
A 
_1 
Figure  II.  1.  Time  independent  tracer  dynamics 
case  of  one  compartment  with  no  net  flow. 
A 
fo  l 
F 
Figure  II.  2.  Time  independent  tracer  dynamics  - 
case  of  one  compartment  with  net  flow. v 
f  01  III=1, 
Tv 
or  f=-  Equation  II.  2. 
vf 
One  compartment  with  net  flow. 
In  the  case  with  no  net  flow  through  the  compartment,  molecules 
were  allowed  to  enter  or  leave  at  any  point.  Consider  now  the  case 
where  the  number  of  such  points  is  restricted,  and  further,  that 
only  exit  or  entry  is  allowed  at  any  given  point.  We  now  have  a 
set  of  points  (il,  i2,  ... 
)  as  in  figure  H.  2.,  where  the  influx 
of  molecules  entering  is  respectively  (fIl,  fT2,  ... 
)  Similarly, 
for  outflow  we  have  a  set  of  points  (ol,  02,  ... 
),  with  respective 
outflux  (f01,  f02,  ... 
)  If  the  system  is  in  a  steady  state,  i.  e., 
the  chemical  composition  of  compartment  A  is  constant,  the  total 
flow  of  molecules  through  the  compartment  is: 
Fl  fIn  = 
N1 
I. 
In  practice,  only  one  entrance  and  one  exit  will  normally  be 
16 
encountered,  but  for  a  real  system  a  problem  may  arise  in  defining 
exactly  where  these  points  lie.  For  example,  figure  II.  3.  shows 
a  compartment  with  entrance  and  exit  of  finite  sizes.  The  obvious 
definition  of  the  compartment  limits  in  this  case  would  be  the  plane 
surfaces  I  and  0  formed  at  the  junction  between  the  main  body  of  the 
compartment  and  the  inflow  and  outflow  tubes.  If  the  compartment  A 
and  the  inflow  and  outflow  tubes  were  of  irregular  shape,  this 
definition  might  not  be  so  readily  applicable,  apart  from  the  fact 
that  for  the  case  illustrated  in  figure  II.  3.,  diffusion  will  occur 
across  the  defined  boundary  in  both  directions.  This  last  mentioned 
problem  is  simply  dealt  with,  since  the  probability  of  movement  in 
one  direction  must  be  exactly  equalled  by  that  in  the  opposite 
direction  if  the  system  is  in  equilibrium,  and  we  are  concerned 
only  with  the  mean  behaviour  of  molecules  in  the  system.  On  the 
basis  of  this  argument,  we  may  define  the  limits  of  the  compartment 
by  surfaces,  arbitrarily  chosen,  through  which  all  molecules  of  the 
flow  must  pass.  The  only  further  restriction  is  of  a  practical .n LIIý 
A 
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Figure  II..  3_.  Time  independent  tracer  dynamics  - 
flow  through  a  compartment  having  entrance  and 
exit  of  finite  size. 
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Figure  11.4.  Expected  count  rate  versus  time  plot 
from  a  homogeneous  compartment  with  constant 
flow,  through  which  is  passed  a  radiotracer  pulse. 
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nature  -  the  ability  to  measure  the  total  amount  of  tracer  present 
in  the  compartment  so  defined. 
Let  us  now  consider  the  mean  lifetime,  or  occupancy  of  a  molecule 
in  A,  TA.  The  probability  that  a  particular  molecule  will  leave 
A  in  unit  time  will  therefore  be  1/  TA.  Since  C  molecules  are 
present  in  A  at  any  Given  time,  C/  rA  molecules  leave  A  and  the 
same  number  enter  in  unit  time,  i.  e: 
Equation  II.  3. 
A 
Consider  a  pulse  of  radiotracer  "mother  substance"  which  is 
added  to  the  flow  through  A,  prior  to  I,  over  a  short  period  of 
time,  in  comparison  with  the  total  length  of  the  experiment,  and 
sufficiently  small  that  it  will  not  substantially  affect  the  chemical 
composition  of  the  system.  If  the  amount  of  radiotracer  in  A  is 
monitored  with  time,  the  type  of  activity  versus  time  curve  shown 
in  figure  II.  4.  would  be  expected.  Ideally,  to  obtain  all  the 
counts  from  A  arising  from  the  tracer  pulse,  the  count  rate  should 
be  monitored  to  infinite  time.  In  practice,  the  experiment  might 
be  terminated  when  the  count  rate  falls  below  that  of  the  background 
level. 
If  we  take  a  time  segment,  8t,  at  time  t  and  count  rate  x,  as 
in  figure  II.  4.,  the  number  of  counts  observed  over  St  will  be: 
811  =x  St,  where  N  is  the  number  of  counts  obtained  up  to  time  t. 
As  St  --0, 
st-ºät 
=x 
i.  e.  dN  =  xdt. 
Integrating  over  infinite  time  dives: 
xdt.  Equation  II.  4.,  No* 
J 
where  N,,  is  tue  total  number  of  counts  obtained  after  infinite  time. 
If  the  tracer  pulte  contains  Iii  molecules,  and  has  a  total  activity 
of  Ds-l,  the  specific  activity  of  the  pulse  is  D/tds-l  raolecule-l. 
As  the  mean  tine  over  which  each  tracer  molecule  is  monitored  is  TA, 
the  mean  number  of  counts  obtained  fron  A  per  molecule  is  (  TA  D/M), ýýýýý 
and  the  total  counts  obtained  due  to  11  molecules  is  (D  TA  ),  i.  e: 
D  TA,  or  TA  =D  Equation  II.  5. 
Substituting  into  equation  II.  3.  gives: 
IT--  c 
=,  or  from  equation  II.  Q: 
f 
Joxdt 
D1.  Equation  II.  6. 
CF 
This  is  the  standard  form  of  the  Occupancy  Principle  as  used 
by  Orr  et  al.  (122). 
The  above  result  is  of  obvious  utility  in  flow  systems  where  the 
compartment  is  of  a  homogeneous  nature,  e.  g.,  a  gas  flow  through  a 
"dead  volume",  but  is  not  of  immediate  application  to  the  more 
complex  catalytic  flow  system. 
Two  interacting  compartments. 
Figure  II.  5.  illustrates  a  case  of  two  compartments,  one  con- 
tained  entirely  within  the  other,  having  individual  capacities  C'  and 
C"  as  in  the  diagram,  and  total  capacity  C.  The  outer  compartment 
interacts  directly  with  the  environment  via  I  and  0,  but  the  inner 
interacts  only  via  the  outer.  A  net  flow,  F  molecule  s-l,  passes 
through  the  outer  compartment,  and  the  inner  compartment  interacts 
with  the  outer  with  a  flux  of  f  molecule  s-l.  To  make  this  case  more 
meaningful,  we  may  consider  the  inner  compartment  to  represent  the 
adsorbed  phase  on  a  catalyst  surface,  and  the  outer  compartment  the 
ambient  gas  in  a  catalytic  flour  system. 
Let  the  mean  lifetime  of  a  molecule  in  the  outer  compartment 
(i.  e.  cas  phase)  be  T9,  the  mean  lifetime  per  visitation  to  the 
surface  be  Tv,  and  the  total  mean  lifetime  of  a  molecule  in  both 
compartments  be  T.  In  unit  time,  F  molecules  pass  through  the 
chamber  completely,  and  f  molecules  visit  the  adsorbed  phase.  Hence 
the  mean  number  of  times  a  molecule  will  visit  the  surface  while 
passing  through  the  vessel  will  be  (f/F).  Depending  on  the  reaction 
system  studied,  this  expression  may  have  a  wide  range  of  values,  both 
greater  and  less  than  unity.  We  may  now  write  an  expression  for  the 
total  mean  lifetime,  f  of  a  molecule  in  this  system: 2 
2, 
ßj 
overall  capacity  =C 
C, 
F1 
f  Cýý  f 
F 
Figure  II.  5.  Time  independent  tracer  dynamics 
case  of  two  interacting  compartments. 
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Figure  11.6.  Time  dependent  tracer  dynamics 
.-  passage 
of  a  rectangular  pulse  of  radiotracer  over  a  catalyst 
in  a  constant  reactant  flow.  (a)  The  experimental 
arrangement.  (b)  Expected  count  rate  versus  time  plot. 
(c)  Analysis  of  the  radiotracer  desorption. T=  i9  +  (f/F)  Tv.  Equation  II.  7. 
Substituting  for  T9  and  Tv,  using  equations  II.  3.  and 
II.  2.  respectively  (note:  Equation  II.  2.  applies  to  a  static 
system  here  represented  by  the  catalyst  in  an  equilibrium  state): 
C  f.  CC  C'  1 
T+ý, 
f=F+  F(C 
I+  C"  ). 
i.  e.  T=C.  Equation  II.  8. 
F 
This  equation  is  of  fundamental  significance  in  problems  relating 
to  flows  through  heterogeneous  systems.  It  implies  that  the  mean 
lifetime  of  a  molecule  in  the  system  as  a  whole  is  independent  of 
the  time  spent  in  each  part  of  the  system,  varying  only  with  the 
total  capacity  and  flow  rate  of  the  system.  For  a  given  value 
of  activity  of  a  radiotracer  pulse  passing  through  the  system  in  a 
flow  of  constant  chemical  composition,  the  number  of  counts  obtained 
in  the  system  will  be  constant  unless  the  conditions  are  varied  to 
alter  the  value  of  the  capacity  of  any  part.  Variations  in  the 
lifetime  of  the  adsorbed  species  will  be  compensated  by  a  change 
in  the  adsorption/desorption  rate  of  molecules  from  the  gas  phase. 
For  practical  applications,  the  situation  may  be  envisaged 
where  the  only  count  rate'  information  available  is  from  one  part 
of  the  system,  or  where  it  is  merely  more  convenient  to  treat  that 
part  of  the  system  without  reference  to  the  total  number  of  disinte- 
grations  occurring  in  the  system  as  a  whole.  Let  us  assume  that 
count  rates  are  available  only  from  the  adsorbed  phase  of  a  catalytic 
flow  system,  once  again  represented  by  the  inner  compartment  of 
figure  II.  5. 
Assume  that  a  molecule  passing  through  the  system  visits  the 
adsorbed  phase  v  times  on  average.  With  a  total  tracer  pulse  of 
activity  D.  s-1passed  through  the  system,  the  effective  activity  seen 
by  the  adsorbed  phase  with  respect  to  the  flux,  f,  through  the  adsorbed 
phase  would  be  vD  s-l.  Similarly,  f  may  be  equated  to  vF. 
From  equations  II.  2.  and  II.  6.,  we  may  write  for  the  capacity 
of  the  adsorbed  phase: 
. -fl  r 
Age ￿ý 
I..  I 
C.  f 
v=vF 
I 
vD 
i.  e.  Cýý  =F  Ifs  .  Equation  II.  9., 
D 
It 
where  I  is  the  total  number  of  disintegrations  occurring  in  the 
adsorbed  phase  during  the  experiment. 
From  this  relationship,  it  is  possible  to  calculate  the  capacity 
of  a  particular  part  of  the  system  using  values  of  flow  rate  and 
tracer  activity  applying  to  the  system  as  a  whole,  but  using  only 
the  counts  observed  from  that  part  of  the  system,  assuming  that 
these  may  be  separated  from  those  originating  in  other  parts  of 
the  system. 
II.  2.  Time  dependent  tracer  dynamics. 
In  the  previous  section  we  were  concerned  with  the  mean  behaviour 
of  a  group  of  molecules  in  a  flow  system,  averaged  over  infinite  time. 
We  now  wish  to  consider  the  behaviour  of  such  a  group  of  molecules 
with  time.  To  this  end,  we  must  impose  stricter  limitations  on 
the  shape  of  the  radiotracer  pulse  passing  through  the  system  which 
we  wish  to  analyse.  Given  any  regular  pulse  shape,  it  should  be 
possible  to  analyse  the  consequent  variation  of  count  rate  with  time 
obtained  in  any  part  of  the  system,  but  the  simplest  form  of  pulse  to 
consider,  (and  to  try  to  achieve  experimentally),  is  rectangular,  i.  e. 
a  pulse  of  constant  composition  over  its  duration,  starting  and 
stopping  over  a  short  period  of  time  in  comparison  with  the  rates 
of  the  processes  studied  and  the  length  of  the  pulse. 
Consider  the  diagram  shown  in  figure  II.  6(a).  Here  a 
"rectangular"  pulse  of  radiotracer  as  has  been  inserted  into  the 
reactant  flow  over  a  catalyst  bed,  monitored  by  a  radiation  detector. 
If  no  adsorption  occurs  on  the  catalyst,  or  if  adsorption  is  of  an 
extremely  short  duration  compared  with  the  length  of  the  tracer  pulse, 
a  count  rate  versus  time  plot  such  as  that  shown  by  the  broken  line 
in  figure  II.  6(b)  would  be  expected.  This  assuaes  that  no  deterio- 
ration  of  the  pulse  shape  occurs  due  to  its  passage  through  the  reaction 
chamber.  Here  the  radioactivity  observed  oriLinates  solely  from  the 
as  phase,  and  no  modification  of  the  pulse  chapo  occurs.  If 
significant  adsorption  occurs,  the  expected  count  rate  versus  time 
plot  would  be  similar  to  that  shown  by  the  full  line  in  figure  II.  6(b). ß,,  J7 
At  to,  when  the  pulse  fix  st  reaciies  t:  ie  catalyst,  the  count  rate 
rices  due  to  the  displacement  of  non-radioactive  reactant  molecules 
adsorbed  on  the  catalyst  by  radioactive  species.  The  count  rate 
tends  exponentially  tovýards  a  maximum,  xmax,  when  all  exchangeab?  e 
molecules  are  of  the  labelled  group.  When  the  pulse  ends,  at  t 
the  reverse  process  proceeds.  If  the  counting  efficiency  of  the 
system  is  known,  and  allowance  can  be  made  for  the  observed  count 
rate  due  to  gas  phase  species,  a  value  of  the  number  of  exchangeable 
molecules  adsorbed  may  be  calculated  from  the  specific  activity  of 
the  labelled  gas.  The  conditions  which  have  been  outlined  for  this 
experiinent  are  also  suitable  for  the  application  of  the  Occupancy 
Principle,  but  here  our:  main  interest  lies  in  the  exchange  kinetics. 
Let  us  fist  consider  the  radiotracer  desorption. 
Figure  II.  6(c)  shows  the  expected  curve  type  for  this  desorption, 
I 
taking  t'  of  (6)  as  our  time  zero,  and  the  maximum  count  rate  of  (b) 
(x 
max) 
as  our  initial  counting  rate  (x0).  Let  us  assume  that  all 
exchangeable  adsorbed  molecules  are  equivalent  on  the  time  scale  of 
the  proposed  experiment.  Since  our  tracer  molecules  are  chemically 
indistinguishable  nom  the  non-tracer  fraction,  and  the  system  is 
under  constant  flow,  steady  state  conditions,  we  may  assign  a  mean 
surface  lifetime  to  all  molecules  in  the  system,  T  regardless  of 
the  extent  of  tracer  coverage  of  the  catalyst,  and  a  corresponding 
probability  of  desorption  in  unit  time  l/  j 
s. 
In  a  time  interval  St  at  time  t  during  the  desorption,  the 
probability  of  desorption  will  be  (  St/  Ts  ).  If,  during  this  time, 
the  surface  count  rate  falls  by  6x,  since  the  count  rate  is  propor- 
tional  to  the  surface  coverage  by  radiotracer  molecules,  we  may  write: 
-  bx  -x 
6t 
,  where  x  is  the  count  rate  at  time  t. 
Let  Sx  -"-SQ,  then  8x  dx 
-E  -t  dt 
i.  e.  -  dx  =x  dt 
T 
S 
Integrating,  this  equation  between  t=o  and  t  6ivos: 
In  x_-7  lnxo  Equation  II.  9. ^ýý 
i.  e.  the  tracer  desorption  should  be  first  order,  and  the  value  of 
Ts  readily  obtainable  from  the  lnx  versus  time  plot. 
The  probability  of  desorption,  1/  rs,  may  be  equated  to  the 
turnover  number  for  the  reaction  per  active  site,  assuming  that  every 
molecule  adsorbed  undergoes  reaction.  If  the  number  of  exchangeable 
molecules  is  A  (i.  e.  the  size  of  the  active  pool  of  molecules), 
then  the  rate  of  reaction,  r  molecule  s-1,  is  given  by: 
r==.  Equation  II.  10. 
If  the  reaction  rate  is  known,  and  a  value  of  Ts  calculated 
equation  II.  10.  from  equation  II.  9,  then  A  may  be  calculated  using 
For  the  radiotracer  adsorption  process,  between  to  and  t'  on 
figure  II.  6(b),  by  similar  arguments  to  those  for  the  desorption, 
one  can  write: 
-d  (xmax  -  x)  1  (xmax  -  x)ý  Equation  II.  11. 
dt  Ts 
By  analysis  of  the  adsorption  kinetics,  a  value  of  Ts  should 
be  available,  but  for  practical  reasons  this  will  generally  be  a  less 
accurate  process  than  analysis  of  the  desorption  curve.  During 
adsorption,  values  of  (xnax  -  x)  must  be  taken,  generating  a  relatively 
large  combination  of  errors  from  the  values  of  xmax  and  x.  For 
desorption,  the  count  rate  at  time  infinity  is  expected  to  be 
relatively  small,  so  that  the  values  of  x  used  in  the  analysis  are 
inherently  more  accurate. 
One  of  the  assumptions  made  in  the  foregoing  treatment  was  that 
the  adsorbed  species  are  effectively  equivalent,  i.  e.,  that  they  are 
either  identical,  or  several  unlike  species  equilibrate  at  a  much 
faster  rate  than  that  of  reaction.  If  dissimilar  species  are  held 
immobile  by  the  adsorption/reaction  sites  until  reaction  occurs,  it 
would  then  be  necessary  to  assign  independent  desorption  probabilities 
to  each  species.  As  an  illustration  of  the  assimnrment  of  individual 
desorption  probabilities,  let  us  examine  the  radiotracer  desorption 
kinetics  expected  from  a  heterobenoouc  surface  having  two  distinct 
types  of  adsorption  alto,  flrstlY  Whhen  the  adsorbed  species  are 
i.  iimobile,  and  secondly  when  they  equilibrate  rapidly. ern 
LýJ 
At  time  zero  for  the  desorption,  lot  the  count  rates  observed 
due  to  the  two  types  of  adsorbed  species  be  yo  and  zo,  and  the 
count  rates  at  time  t  be  y  and  z  respectively.  If  the  adsorbed 
species  are  immobile  we  may  treat  each  species  separately,  and  using 
the  exponential  form  of  equation  II.  9: 
y=  y0  exp  -  and  z=  zo  exp  -T,  Equation  II.  12., 
yz 
where  Ty  and  Iz  are  the  mean  adsorbed  lifetimes  respectively  of 
the  two  species.  If  x  is  the  total  adsorbed  activity,  then: 
X=y+z=  yo  exp  -T 
1-  ý+ 
zo  exp  -T.  Equation  II.  13. 
yz 
If  the  values  of  fy  and  Tz  differ  substantially,  the  lnx 
versus  time  plot  would  be  of  the  type  shown  in  figure  II.  7.  In 
this  situation,  it  is  possible  to  analyse  a  curve  of  this  type  in 
terms  of  the  two  broken  straight  lines  shown  in  the  diagram  (c.  f. 
the  radioactive  decay  of  two  isotopes  having  different  half-lives). 
If  equilibration  occurs  between  the  two  surface  species 
observed,  at  any  time  t,  the  ratio  y/z  will  be  constant  and  equal 
to  the  original  value  yJzo.  Hence,  for  the  two  regions  of 
the  surface  we,  may  formulate  desorption  rates: 
dy=xyo  1 
and  - 
dz=xzo  1 
dt  xa  sy  dt  xo  T 
The  total  desorption  rate  will  be: 
dx 
-dy  -dz 
x  yo+z0 
dt  dt  dt  xo  y  Tz 
Intearatin-  this  equation: 
lnx=_1 
yo+zo  t+lnxo 
Equation  II.  14. 
xTT 
0yz 
Analysis  of  the  curve  obtained  from  a  system  of  this  type  would 
be  deceptively  simple.  The  overall  mean  lifetime  is: 
x0  T"  T 
yz 
TY  =  ( 
TZ  y0  +  Ty  z0) 
This  treatment  for  the  case  of  two  types  of  adsorption  cite  may 
of  course  be  extended  to  any  number  of  types,  and  the  observed  lifeticaoo 
will  effectively  be  an  ttaverac;  ing"  of  the  behaviour  of  individual  types. L;  0 
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d 
L 
O 
U 
C 
E 
time 
Firvre  11  .  7.  Radiotracer  desorption  fron  a  catalyst  in 
a  constant  flow  system,  with  two  types  of  adsorption 
site  and  no  interchan  c  betaocn  sites.  Observed  decor- 
ption  curve  ().  Desorption  curves  for  rnoleculco 
adsorbed  on  each  typo  of  site  (-  --). 291 
II.  3.  Tracer  dyna:,  ºýc:  with  non-continuous  flow  (pulsed  flow). 
In  the  constant  flow  systems  so  far  considered,  the  analyses 
were  based  on  a  "chemically"  steady  state  of  the  system,  the  only 
variable  being  the  substitution  of  radioactively  labelled  molecules 
for  a  fraction  of  the  total  molecular  population.  The  generality 
of  first  order  radiotracer  adsorption/desorption  processes  for  each 
type  of  surface  adsorption  site  was  based  on  this  point.  If  we 
now  consider,  for  example,  a  desorption  process  from  a  catalyst 
where  the  reactant  is  no  longer  present  in  the  gas  phase,  the 
chemical  nature  of  the  system  will  change  with  surface  coverage. 
In  sucz  a  system  surface  heterogeneity  would  play  a  much  more 
important  role,  e.  g.,  molecules  may  be  rapidly  decorbed  from  more 
active  sites  initially,  followed  by  a  slower  desorption  from  stronger, 
less  catalytically  active  sites.  Obviously,  the  results  obtained 
from  such  an  experiment  would  be  dependent  to  a  much'greater  extent 
on  the  entire  system,  rather  than  the  most  active  part.  Although 
more  information  might  be  obtained,  the  analysis  of  the  observed 
kinetics  would  be  correspondingly  more  complex. 
Problems  of  a  more  serious  nature  might  be  envisaged  in 
applying  the  time  independent,  integral  approach  to  a  pulsed  flow 
system.  The  Occupancy  Principle,  as  formulated  in  section  II.  J., 
would,  for  the  reasons  outlined  above,  not  be  directly  applicable. 
The  method  consists  of  a  single  "averaging"  of  all  the  processes 
occurring  during  an  experiment,  a  process  which,  while  yielding 
valuable  information  under  the  conditions  of  constant  flow,  may 
give  misleading  information  when  the  nature  of  the  system  varies 
with  time.  It  therefore  seems  probable  that  a  critical  application 
of  a  time  dependent  analysis  to  a  non-constant  flow  system  will 
yield  results  of  greater  interest  and  reliability. Appendix  III.  Kinetic  analysis  programs. 
III.  l.  OCl  PLOT 
PRT  VCL  PLOT"  f- 
1s  SPC  2;  0.  A>  B->  C-3o-  X  ->  R11 
2:  ENT  "K",  R6,  "K2  11,  R2  ,  "K5",  R5  F- 
3:  ENT  uM«,  R3,  «ZOG«,  R41- 
4:  R5/R6  a  R7;  R2/R6  .  R8;  R4-R3  ->R9  ý 
5:  1  .  R15  ->P17OF, 
6:  C+1  C;  CR15  >  R15  --  R(1  70+C)  E- 
7:  IF  69>C;  JMP  -1  F 
8:  X  ->BE- 
9:  (-R8R9)TA/(A+1-R7)R(179+A)+B  *X 
10:  IF  BA;  A+1  ->  A;  JMP  -2  F 
11:  XR8R9+EXP  (-R8R9)  ->  X)- 
12:  XR3R9T(-R7)  4  R10  J- 
13:  0.  A-.  Bf- 
14:  IF  A>20;  JBTP  11  f- 
15:  0a  B*  YF 
16:  R9EXP  (-200AR6)  X  ý- 
17:  (-XR8)4B/(B+1-R7)R(17O+B)+Y  .Y  {- 
18:  B+1  .  B(- 
19  :  IF  R11  Y;  Y.  R11  ;  JMP  -2  F 
2,9:  (-R8R3*X  T(1-R7)  )Y  .YF 
21:  EXP  (XR8)  *X  TR7  (Y+R1  O)  .3-.  .Y 
22:  X+Y  ->  R(10X+A)  ;  2$l  A  ->  R(2  50+A)  I- 
23:  FXD''3;  PRT  "T=",  R(25Q+A)  F- 
24:  PRT  "Z="  9R(19rO+A);  A+1  .  A;  PLT  9;  J￿ZP  -lO  f- 
25:  SPC  2;  PRT  "T  IN  SEC"  ;  SPC  2;  PLT  3F 
26:  PRT  "K=rr  IR6ý  11K2=11  ,  R2,  "K5=",  R5 
27:  PRT  "M="'R39  ZQiu,  R4;  SPC  9;  END  1- "_  ýý 
111.2.  OCL  FIT. 
91:  PRT  "OCL  FIT";  SPC  2  ý- 
1:  Q*A>.  B->  C->  X1- 
2:  ENT  "K1  "'  R1  '  "K2  "'  ,  R2  ,  "K5"'  R5  F- 
3:  ENT  "W"  H  R3,  "Z9"  ,  R4,  "Z600"  ,  R151  F 
4:  ENT  "  Z140X",  R152,  "Z300  ",  R1531- 
5:  1  *R15.  R170F 
6:  0+1  .  C;  CR15  ->  R15  ->  R(170+0)  f 
7:  IF  69>C;  J11P  -1  I- 
8:  R1  +R2  R3  R6;  R5/R6  R7;  R2/R6  ß.  R8  F 
9:  R4-R3  ->  R9;  q1  -  R11  -ý  X  --  A  F- 
1F1:  X.  B;  (-R8R9)TA/(A+1-R7)R(17/+A)+B  ýº  XF- 
11:  IF  Bp  X;  A+1  .  A;  JMP  -11- 
12:  XR8R9+EXP  (-R8R9)  .XP 
13:  XR3  R9  T(-R7)  -  R10  F 
14:  0  ->  A  ->  B  ->  C  ->  YI- 
15:  C+1  ->  C;  IF  C>3;  JMP  11  I- 
16:  IF  C=1;  3  AE- 
17%  IF  C=2;  7  ýA(- 
18:  IF  C=3;  15  ->AF 
19:  0  ->  B3Y;  R9EXP  (-200AR6)  ->  XF 
20:  (-XR8)  TB/(B+1-R7)  R(170+B)+Y  -ý  Y  I- 
21  :  B+1  .  B;  IF  R11  `Y;  Y  R11  ;  JMp  -1  F 
22:  (-R8R3XT(1-R7)  )Y  -Y  j- 
23:  EXP  (XR8  )X  4R7  (Y+  Rl  .Y  I- 
24:  X+Y  a  R(250+A)F 
25:  JMP  -10  F- 
26:  R2  (R253/R151)  4.5  -  R2;  PRT  R2  ý 
2  7:  IF  ((R2  53-R151  )/R151)  42  >.  00001  ;  J1'lP  -19F 
28:  R3  R152/R2  57  ->  R13  ;  R2  R3/R13  '  R2;  R13  4-R2;  R13  R3; 
PRT  R3  F 
29:  IF  ((R2  57-R152  )/R152)  T2  ).  00001;  J  iP  -21F 
30:  R5R265/R153  -  R5;  PRT  R5F 
31:  IF  ((R265-R153  )/R153  )T2  >.  00001;  jlip  -231-  32:  SPC  2;  PLT  3;  PRT  ß'K1-￿￿,  R1,  "K2="'R2  i- 
33:  PRT  "g5,  ß''R5,  ""M4_&'9R3,  "ZO  &',  R4  F- 
34:  PRT  "Z6OQ  &',  R1519  "Z1400  "  R152  F- 
35:  ,  PRT  "Z3000_&',  R153;  SPC  9;  END  I- REFERE  II  CES 0-94 
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